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Preface 


This  volume  contains  preprints  of  all  papers  to  be  presented  and  discussed  at  the  Fifth  Sym¬ 
posium  (International)  on  Detonation.  The  papers  are  reproduced  from  original  master  copies 
supplied  by  the  authors.  In  order  to  save  time  in  getting  this  preprint  volume  to  participants 
of  the  Symposium,  no  editing  was  performed.  For  the  same  reason,  the  papers  have  been  grouped 
by  topic  but  have  not  been  published  in  the  order  of  presentation.  About  half  of  the  papers  have 
been  selected  for  oral  presentation  (about  1 5  minutes  for  presentation  and  5  minutes  for  immediate 
discussion).  Topical  discussion  periods  will  be  provided  for  discussion  of  all  papers.  The  final 
program  will  list  papers  to  be  presented  by  title  as  well  as  those  for  oral  presentation. 

Papers  were  selected  for  oral  presentation  largely  because  they  appeared  to  be  representative 
of  the  topic  areas  which  the  organizing  committee  felt  should  be  brought  to  the  attention  of  the 
participants.  Since  the  remaining  papers  are  considered  equally  significant,  the  meeting  has  been 
planned  so  that  adequate  time  will  be  provided  to  discuss  all  papers.  The  committee  thought 
that  this  arrangement  was  preferable  to  introducing  parallel  sessions,  the  only  way  in  which 
every  paper  could  be  presented  orally.  In  any  case,  detailed  presentation  of  complete  papers 
is  impossible.  To  increase  participation  in  discussions,  attendees  should  read  the  preprints  in 
this  volume  in  advance  of  the  meeting.  Speakers  are  expected  to  present  concise  summaries 
featuring  the  most  important  aspects  of  their  work. 

After  each  paper  or  group  of  related  papers,  the  subject  will  be  open  for  general  discussion. 
Individual  contributions  should  be  brief.  If  a  discussor  expects  to  hold  the  floor  for  as  much  as 
five  minutes  he  should  notify  the  chairman  and  committee  in  advance  to  see  whether  a  spot 
can  be  found  where  adequate  time  is  available.  Final  decision  to  allow  comments  will  rest  with 
the  session  chairman  and  the  committee.  The  speakers  are  requested  to  speak  slowly  and  dis¬ 
tinctly  so  that  those  not  accustomed  to  English  may  follow  them  readily.  It  will  be  helpful  if 
discussors  prepare  diagrams,  tables,  and  mathematical  equations  on  slides  for  projection  and  to 
submit  written  text  either  before  or  immediately  after  the  meeting.  Authors  will  be  allowed  to 
answer  such  comments  from  the  floor.  If  they  voluntarily  supply  written  answers  immediately 
after  the  meeting,  the  answers  can  be  included  in  the  Proceedings  along  with  the  comments. 
It  would  be  helpful  if  written  discussions  were  sent  to  authors  concerned  as  well  as  to  the  chair¬ 
man.  No  recording  of  the  discussion  will  be  made.  Only  written  discussion  voluntarily  supplied 
by  contributors  will  be  considered  for  publication.  The  committee  will  make  the  final  decision 
regarding  printing  and  the  form  for  printing  of  contributed  discussions. 

As  noted  above.  Proceedings  which  will  include  papers  and  discussions  will  be  published. 
The  authors  who  wish  to  submit  their  contributions  elsewhere  should  notify  either  of  the  Sym¬ 
posium  chairmen  of  this  fact.  In  these  instances,  only  the  abstracts  will  be  included  in  the  Pro¬ 
ceedings. 

The  chairmen  wish  to  thank  those  who  have  helped  in  the  selection  of  the  papers,  and  es¬ 
pecially  Dr.  Donna  Price  of  NOL  for  her  many  suggestions  with  respect  to  the  program.  They 
also  wish  to  thank  Dr.  R.  Marcus  of  the  ONR  Pasadena  Branch  Office  for  handling  the  meeting 
site  arrangements.  In  addition,  the  important  secretarial  assistance  of  Mrs.  Claire  Richtmyer 
of  ONR  and  Mrs.  Marilyn  Yeager  of  NOL  is  gratefully  acknowledged. 


S.  J.  JACOBS 

Naval  Ordnance  Laboratory 
Cochairman 


R.  ROBERTS 

Office  of  Naval  Research 
Cochairman 
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FLASH  X-RAY  OBSERVATION  OF  MARKED  MASS  POINTS 
IN  EXPLOSIVE  PRODUCTS* 


W.  C.  Rivard,  D.  Venable,  W.  Fickett,  and  W.  C.  Davis 
University  of*  California,  Ios  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico  87544 


The  flow  behind  a  plane  detonation  wave  in  composition  B-3  (p  =  1.730 
g/cc,  60/40  RDX/TNT)  is  examined  by  radiographically  observing  the 
motion  of  32.5  nm  thick  metal  foils  embedded  in  10  cm  cubes  of  explo¬ 
sive.  The  position  xf  of  each  foil  as  a  function  of  its  initial  posi¬ 
tion  x^,  and  time  t,  together  with  the  detonation  front  position  X(t) 
is  sufficient  to  determine  the  density,  particle  velocity,  pressure,  and 
internal  energy  throughout  the  flow  with  no  a  priori  assumption  of  an 
equation  of  state.  A  simple  analytic  representation  of  xf (x± ,  t)  consis¬ 
tent  with  the  classical  Chapman  Jouguet /Taylor  wave  model  accurately 
describes  all  the  data.  The  front  pressure  is  found  to  be  275  ±  4  kbar. 
An  alternate  model  representing  a  slightly  unsteady  detonation  wave 
describes  the  data  equally  well. 


INTRODUCTION 

The  PHERMEX  flash  x-ray  machine  at  Los 
Alamos  has  given  us  for  the  first  time  a  long- 
needed  direct  quantitative  look  at  the  one¬ 
dimensional  flow  behind  a  plane  detonation  wave 
in  a  large-diameter  charge,  and  a  new  determi¬ 
nation  of  the  state  at  the  front.  A  sequence 
of  radiographs  records  at  discrete  times  the 
position  of  the  detonation  front  and  of  mass 
elements  marked  by  tantalum  foils  embedded  in 
the  explosive.  Electrical  signals  from  the 
passage  of  the  wave  over  the  foils  give  a  sepa¬ 
rate  measurement  of  the  detonation  velocity. 

The  experimental  setup  and  a  typical  radiograph 
are  shown  in  Fig.  1.  The  x-ray  beam  axis  is 
perpendicular  to  the  direction  of  detonation  in 
a  10  cm  cube  of  Composition  B-3  explosive  (the 
HE)  which  is  initiated  by  a  large  diameter 
plane-wave  lens.  (Since  the  machine  can  be 
flashed  only  once  during  the  passage  of  the 
detonation  wave,  the  time  sequence  is  obtained 
from  repeated  experiments  with  the  HE  as  nearly 
identical  as  possible.)  The  range  of  front 
positions  recorded  is  5  to  10  cm. 

The  radiographs  show  an  adequately  large 
central  region  of  one-dimensional  flow  not  yet 
affected  by  the  incoming  side  rarefactions.  We 
confine  our  attention  to  this  region  and  treat 
the  flow  as  one-dimensional  and  laminar.  Thus 
all  results  are  averages  over  any  fine-scale 
structure  due  to  transverse  waves  on  the  front 
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or  to  the  granular  nature  of  the  material. 

A  density  profile  is  obtained  directly  from 
each  radiograph.  Least- squares  fitting  of  a 
continuous  function  to  the  measured  final  foil 
positions  xf  as  a  function  of  their  initial 
positions  x,  gives  the  density  distribution  by 
differentiation : 

Po/P  =  tef/dx±  .  (1) 

Evaluation  of  the  density  at  the  front,  together 
with  the  Rankine-Hugoniot  relations  and  the 
measured  front  velocity,  determines  the  pressure 
and  particle  velocity  there.  In  practice,  this 
requires  an  additional  assumption,  which  will  be 
made  throughout.  Since  the  reaction  zone  is 
much  smaller  than  the  foil  spacing,  the  reaction 
is  treated  as  instantaneously  complete  within 
the  shock  transition,  and  the  final  state  to 
which  the  Rankine-Hugoniot  equations  apply  is 
taken  to  be  the  equilibrium  state  at  the  end  of 
the  reaction  zone.  No  evidence  of  a  reaction 
zone  can  be  detected  either  in  the  analysis  of 
the  foil  data  or  on  the  radiographs. 

Additional  information  is  obtained  from  the 
sequence  of  radiographs  by  fitting  a  function 
xf(xj?  t)  to  the  entire  collection  of  data. 
Partial  differentiation  of  this  function  with 
respect  to  t  at  constant  xi  (that  is,  along  a 
particle  path)  gives  the  particle  velocity  field. 
Finally,  with  one  additional  assumption,  the 
pressure  and  internal  energy  in  the  interior  can 
be  determined  by  applying  the  equations  for  con¬ 
servation  of  momentum  and  energy.  The  additional 
assumption,  probably  quite  good  for  this  flow, 
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in  a  separate  report(l)  . 
EXPERIMENT 


Fig.  1  -  Experimental  arrangement  and  radiograph. 


is  that  viscous  forces  and  other  transport  pro¬ 
cesses  can  be  neglected. 

The  classical  detonation  model  consisting 
of  a  front  moving  at  the  constant  Chapman -Jouguet 
(Cj)  velocity  followed  by  a  centered  rarefaction 
(Taylor)  wave  is  found  to  represent  the  data 
within  experimental  error.  Fig.  2  shows  a  por¬ 
tion  of  the  flow  in  the  x  —  t  plane  according 
to  this  model,  together  with  the  measured  foil 
and  front  positions.  The  CJ  pressure  obtained 
here  is  significantly  lower  than  that  given  by 
the  conventional  method  of  measuring  the  free- 
surface  velocity  of  driven  plates. 

Details  not  included  in  this  paper  are  given 


A  typical  experimental  assembly,  represented 
schematically  in  Fig.  1,  is  made  up  of  precisely 
machined  blocks  of  explosive  with  tantalum  foils 
between  blocks.  A  plane-wave  generator  is  used 
to  initiate  the  detonation  so  that  the  wave  is 
parallel  to  the  plane  of  each  foil.  The  HE 
slabs,  10  x  10  x  0.635  cm,  are  Composition  B-3, 

60  ±  1.5$  RDX,  40  =F  1.5$  TNT  by  weight,  of  den¬ 
sity  1.730  ±  0.001  g/cc.  The  slabs  are  held 
to  a  dimensional  tolerance  of  ±  0.005  cm  in 
parallelism,  ±  0.0125  cm  in  thickness,  and 
±  0.025  cm  in  other  dimensions.  Individual 
pieces  are  selected  and  oriented  for  the  assembly 
with  respect  to  both  dimensions  and  parallelism 
so  that  tolerance  build-up  is  avoided.  The 
assemblies  are  clamped  and  measured  after  clamp¬ 
ing  to  be  certain  that  no  gaps  are  present.  The 
plane-wave  generators  are  20  cm  in  diameter , 
with  an  inner  charge  of  baratol.  All  generators 
are  from  the  same  production  lot.  The  tantalum 
foils,  all  from  the  same  roll,  are  12.5 
thick.  The  total  mass  of  the  tantalum  is  at 
most  2$  of  the  mass  of  the  HE.  Thicker  slabs  of 
HE  are  used  in  the  assembly  (for  economy)  in  the 
regions  where  foils  cannot  be  observed  satis¬ 
factorily.  The  data  points  plotted  in  Fig.  2 
show  the  positions  of  the  foils  in  the  several 
shots . 

The  IHERMEX  machine(2)  produces  a  pulsed 
beam  of  electrons  of  27  MeV  energy  and  0.1  M-sec 
duration,  which  is  focused  to  a  spot  less  than 
1  mm  diameter  on  a  tungsten  target.  The  x-rays 
produced  in  the  target  cast  a  sharp  shadow  of 
the  assembly  containing  the  embedded  foils  upon 
a  photographic  film.  Radiation  exposure  of 
25  R  at  1  m  is  adequate  to  produce  high-contrast 
images  with  source- to-object  distance  3  ra  and 
source-to-film  distance  3»75  m.  The  distances 
are  carefully  measured  and  controlled  to  give 
accurate  magnification.  The  positions  of  the 
images  of  the  foils  on  the  developed  films  are 


Fig.  2  -  Measured  foil  and  front  positions  in  the 
x  —  t  plane.  The  detonation  wave 
crosses  the  lens/HE  interface  at  x  =  t  = 
0.  The  curves  connecting  the  points  are 
from  a  fit  to  the  data. 
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measured  with  a  comparator.  The  foils  and  the 
front  can  be  located  to  ±  0.1  mm. 

Since  the  foils  are  all  parallel,  and  the 
x-rays  are  generated  at  a  point,  only  one  foil 
of  the  set  can  be  in  a  plane  which  goes  through 
that  point.  Therefore,  only  one  foil  can  pro¬ 
duce  a  sharp  image,  and  all  the  others  are 
slightly  distorted  because  they  are  viewed  at  an 
angle.  In  practice,  this  limits  the  region  over 
which  useful  measurements  can  be  made,  and  makes 
it  impossible  to  obtain  information  about  the 
entire  charge  in  one  shot.  The  corrections  to 
the  measured  positions  are  negligible  in  the 
region  used. 

Detonation  wave  velocity  is  measured  using 
a  method  developed  by  Hayes(3),  which  detects 
the  electrical  signals  generated  when  the  deto¬ 
nation  reaches  a  foil.  The  arrival  times  are 
determined  to  ±  3  nsec.  No  change  of  detonation 
velocity  with  distance  can  be  detected  in  any 
shot.  The  measured  velocities  from  eight  shots 
have  a  range  of  ±  l/2$  and  a  mean  of  7.886mm/|isec 
whose  estimated  standard  deviation  is  ±  0.1$. 

THEORY 

In  this  section  we  consider  the  implications 
of  complete  knowledge  of  the  functions 

Xf  =  xf(xi>  ’  x  =  x(t)  (2) 

where  is  the  position  at  time  t  of  the  fluid 
element  initially  at  position  xi,  and  X  is  the 
position  of  the  detonation  front.  Our  experi¬ 
mental  data  are  of  course  a  discrete  sample  of 
these  functions. 

To  get  the  conditions  at  the  front  we  make 
use  of  the  Rankine-Hugoniot  equations  across  the 
front 

PoD  =  p(D  -  u)  =  p/u  =  ^(E  -  Eo)/(vq  .  v) 

D  =  dX/dt  (3) 

with  subscript  o  denoting  the  initial  state, 
with  neglect  of  pQ,  and  with  velocities  stated 
in  the  laboratory  frame  (that  of  the  undisturbed 
material) .  For  the  interior  flow  we  assume  that 
the  inviscid  (Euler)  equations  apply: 

Xb  =  p-1  ,  xt  =  u  ,  ph  =  -ut  ,  Et  =  -pvt  (U) 


The  subscript  notation  is  used  for  partial  dif¬ 
ferentiation.  The  independent  variables  are  h 
and  t,  with  h  the  material  (Lagrangian)  coor¬ 
dinate  which  labels  a  mass  element.  The  calcu¬ 
lation  of  p  and  u  is  direct  and  their  values  at 
the  front  used  in  the  Rankine-Hugoniot  relations 
furnish  initial  conditions  for  the  p  and  E 
integration  (the  partial  differentiations 


becoming  ordinary  differential  equations  along 
lines  of  constant  t  for  p,  and  constant  h  for  E) . 
The  sound  speed  is  given  by 

c2  =  (ap/dp)h  =  Pt/pt  .  (5) 

If  the  classical  detonation  model  with  its 
self-similar  rarefaction  wave  is  correct,  the 
analysis  is  simpler  because  there  is  only  one 
independent  variable  x/t.  The  assumptions  of 
this  model  are:  (l)  initiation  to  the  constant 
CJ  detonation  velocity  is  instantaneous  and  the 
reaction  zone  thickness  is  negligible,  and  (2) 
the  discontinuous  front  moves  at  the  constant 
velocity  given  by  the  Chapman -Jouguet  (Cj)  hypo¬ 
thesis,  which  states  that  the  flow  immediately 
behind  the  front  is  sonic  in  a  frame  attached 
to  the  front,  i.e.,D=u+c.  In  consequence, 
the  flow  is  isentropic  and  (for  back  boundary 
velocity  less  than  Uqj)  a  centered  simple  rare¬ 
faction  wave  (Taylor  wave)  is  attached  to  the 
front.  For  constant  back  boundary  (lens/HE 
interface)  velocity  the  flow  region  following 
the  tail  of  the  rarefaction  is  a  uniform  con¬ 
stant  state,  and  the  entire  flow  depends  on  the 
single  independent  variable  x/t.  This  is 
approximately  the  case  in  our  experiment. 

It  is  convenient  to  introduce  the  dimension¬ 
less  variables 

y  =  xf/Dt  and  Y  =  x./Dt  ,  (6) 

with  D  the  constant  detonation  velocity.  The 
given  function  x  (x  ,  t)  then  takes  the  form 
y(Y)  and  the  given  function  X(t)  becomes  just 
Dt.  The  forward  characteristics  along  which  the 
flow  state  is  constant  are  just  rays  of  constant 
y.  The  flow  equations  are 

P  =  pJdy/dY)-1  ,  c  =  (po/p)DY  , 

u  =  Dy  -  c  ,  dp/dY  =  c2dp/dY  (7) 

The  second  and  third  of  these  equations  will  be 
recognized  as  the  equations  of  the  forward 
characteristics  in  x  —  t  and  h  —  t  space, 
dx/dt  =  u  +  c  and  dh/dt  =  pc.  The  analysis  is 
straightforward:  p,  c,  and  u  are  calculated 
directly,  and  p  is  calculated  by  integrating 
the  last  equation  with  the  initial  value  at  the. 
shock  obtained  as  before. 

DATA  ANALYSIS 

The  first  step  in  analyzing  the  data  is  to 
choose  one  or  more  fitting  forms.  The  simplest 
reasonable  ones  are  those  based  on  the  classi¬ 
cal  model.  With  their  single  independent 
variable  x/t  or  h/t  and  concomitant  minimum 
number  of  adjustable  parameters,  they  are  the 
natural  choice,  provided  they  reproduce  the  data 
within  experimental  error.  We  want  to  test  the 
classical  model  in  any  case,  since  it  is  so 
widely  used  with  considerable  practical  success. 
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We  therefore  employ  it  in  the  initial  examina¬ 
tion  of  the  data. 

The  classical  model  requires  that  the  deto¬ 
nation  velocity  be  constant,  the  reaction  zone 
thickness  negligible,  and  the  flow  self-similar. 
As  stated  earlier,  the  measured  detonation 
velocity  is  constant  within  experimental  error 
in  the  experimental  region.  The  reaction  zone 
thickness  of  a  small  fraction  of  a  millimeter 
estimated  from  other  experiments (4)  is  consis¬ 
tent  with  our  failure  to  detect  it  here,  and  is 
small  enough  to  make  its  neglect  a  good  approxi¬ 
mation.  The  next  step  then  is  to  plot  the  data 
with  appropriate  scaling  to  see  if  the  flow 
appears  to  be  self- similar  and  thus  dependent 
on  a  single  independent  variable.  This  is  done 
in  Fig.  3»  The  curve  is  a  two-piece  fit  to  all 
of  the  data,  described  below.  Although  this  is 
not  the  most  sensitive  test,  it  is  clear  that 
the  classical  model  is  at  least  approximately 
correct.  We  therefore  proceed  to  apply  and  test 
it  carefully.  We  first  look  to  see  if  there  is 
any  significant  trend  with  distance  of  run;  none 
is  found.  We  then  try  to  fit  the  data  with 
forms  y(Y)  consistent  with  the  classical  model. 
This  is  successful,  with  a  number  of  different 
choices  reproducing  the  data  within  experimental 
error . 

We  begin  by  fitting  the  data  for  the  indi¬ 
vidual  shots  (each  being  associated  with  a  given 
length  of  run)  and  look  for  any  trend  with 
length  of  run.  For  convenience  we  use  a  fit  of 
the  form  y(Y)  but  emphasize  that  in  applying  it 
to  a  single  shot,  we  are  freed  completely  from 
the  assumptions  of  the  classical  model,  for  at 
a  fixed  time  this  is  equivalent  to  Xf(x^)  which 
is  sufficient  to  determine  the  density  profile 
and  thus  the  complete  state  at  the  front.  Other 
flow  variables  cannot  of  course  be  determined 
in  the  interior  without  an  additional  assumption 
such  as  that  of  self-similar  flow.  We  first 


Fig.  3  -  Final  foil  position  x^  vs  initial  foil 
position  x.,  both  divided  by  X,  the 
position  of  the  front  at  the  time  of 
measurement  of  x^.  The  points  are  the 
experimental  data,  the  curve  a  fit. 


provisionally  pool  the  data  from  all  shots  and 
locate  the  tail  characteristic  of  the  rarefac¬ 
tion  wave  as  described  below.  The  points  of 
each  shot  lying  within  the  rarefaction  wave  are 
then  fit  with  the  form 

y  =  1  +  A_1jtn[(AY  +  B)/(A  +  B)]  , 

p/pQ  =  AY  +  B  ,  (8) 

constructed  to  pass  through  the  front  at  y  = 

Y  =  1.  Fig.  4  shows  the  front  state  as  a  func¬ 
tion  of  run  length.  A  linear  fit  of  p(X) 
indicates  a  slight  upward  trend,  with  the  pres¬ 
sure  rising  from  268  kbar  at  50  mm  to  282  kbar 
at  100  mm.  Statistically,  however,  this  increase 
does  not  differ  significantly  from  zero,  so  we 
proceed  with  the  analysis  under  the  assumptions 
of  the  classical  model,  deferring  further  con¬ 
sideration  of  the  possible  increase  until  later. 

We  now  proceed  to  fit  the  pooled  data  for 
all  of  the  shots  with  a  y(Y)  form.  This  must 
be  constructed  of  two  pieces,  y\j  and  y^  in 
Fig.  3,  with  the  changeover  point  YT  the  value 
of  Y  at  the  tail  of  the  rarefaction  where  the 
first  derivatives  of  the  state  variables  are 
discontinuous.  The  form  given  by  Eq.  (8)  is 
used  for  the  rarefaction  wave  and  a  linear 
function  for  the  approximately  constant- state 
region  behind  it.  The  dividing  point  is  found 
by  examining  a  sequence  of  trial  values  of  YT 
and  choosing  the  one  for  which  the  densities  at 
the  tail  given  by  the  fits  in  the  two  regions 
agree.  The  constant  state  and  Ym  are  given  in 
Figs.  2  and  3.  The  overall  results  are  not 
sensitive  to  the  value  of  Yrp.  From  here  on  we 
consider  only  the  53  foil-position  data  points 
(the  total  number  from  all  nine  shots)  lying 
within  the  rarefaction  wave. 

The  data  points  from  the  different  shots 


Fig.  4  -  Front  state  vs  run  length  from  the  foil 
data  for  individual  shots. 
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are  pooled  and  fit  to  the  two -parameter  func¬ 
tional  form  given  by  Eq.  (8) .  This  fit  repro¬ 
duces  the  data  within  experimental  error.  More 
precisely,  the  deviation  of  every  data  point  but 
one  from  the  fit  is  less  than  twice  the  estimated 
standard  deviation  of  its  reading  error.  The 
exception  is  about  three  standard  deviations 
away. 

Before  proceeding  to  the  discussion  of 
error  estimates  and  other  possible  choices  for 
the  fitting  form,  we  digress  briefly  to  consider 
possible  alternatives  to  the  CJ  hypothesis.  The 
CJ  condition  is  incorporated  into  the  analysis 
by  placing  the  lead  characteristic  of  the  rare¬ 
faction  wave  in  coincidence  with  the  front.  In 
considering  the  alternatives,  we  continue  to 
suppose  that  the  reaction  is  essentially  instan¬ 
taneous  so  that  the  detonation  Hugoniot  curve 
for  complete  reaction  exists  but  that  the  state 
point  lies  not  at  the  CJ  (tangent)  point  but 
either  above  it  on  the  strong  branch  or  below  it 
on  the  weak  branch.  The  strong  point  is 
rejected  on  the  grounds  that  the  expected 
decrease  in  pressure  and  velocity  as  the  rarefac¬ 
tion  wave  overtakes  the  front  is  not  observed. 

The  possibility  of  a  weak  state  is  suggested  by 
observations  of  gas  detonations  which  show  that 
the  flow  immediately  behind  the  front,  while  not 
one-dimensional  in  the  small,  is  on  the  average 
supersonic  with  Mach  number  1.10  to  1.15(5,  6). 
Possible  mechanisms  for  steady  reaction  zone 
solutions  which  terminate  at  a  weak  point,  with 
a  constant  velocity  determined  by  details  of  the 
kinetics,  have  been  described(7,  8).  Finally, 
a  constant  velocity  front  with  instantaneous 
transition  to  a  weak  state  produces  a  flow  which 
is  self-similar  with  the  exception  of  the 
constant- state  region  of  increasing  width  which 
must  be  present  between  the  front  and  the  head 
of  the  rarefaction  wave.  To  see  how  far  the 
state  point  might  be  displaced  along  the  weak 
branch,  we  have  tried  fitting  the  data  assuming 
constant- state  regions  of  varying  width  AY 
behind  the  front.  For  AY  =  0.02,  which  places 
the  rear  edge  of  the  constant-state  region  near 
the  foil  closest  to  the  front,  the  Mach  number 
is  1.03,  the  CJ  pressure  is  reduced  3#  below 
that  for  AY  =  0,  and  the  standard  deviation  of 
the  fit  (SDF) ,  defined  as 

[53  I  l 

5lZ(yc(Yi)-ye(Yi))2J2  (9) 

with  sub  c  and  sub  e  for  calculated  and  experi¬ 
mental  points,  is  increased  only  trivially 
(less  than  0.1$).  For  AY  =  0.10,  for  which  the 
constant-state  region  includes  13  foils,  the 
Mach  number  is  1.15,  the  CJ  pressure  is  decreased 
by  12$,  and  the  SDF  is  increased  by  13$.  It  is 
thus  less  likely  that  we  have  a  weak  detonation 
with  Mach  number  this  large,  but  a  weak  detona¬ 
tion  with  Mach  number  a  few  per  cent  larger 
than  unity  with  correspondingly  lower  front 
pressure  cannot  be  excluded. 


We  now  turn  to  the  question  of  error  esti¬ 
mates  and  the  possible  choices  for  the  fitting 
form.  To  remove  the  bias  inherent  in  the  arbi¬ 
trary  choice  of  a  single  form  and  to  provide 
additional  information  about  the  error,  we  have 
tried  a  total  of  11  different  two-parameter 
forms.  Measured  by  the  SDF,  essentially  the 
only  criterion  available,  these  are  all  equally 
good.  For  a  single  fitting  form  the  SDF  is 
0.0017  and  the  estimated  standard  deviation  (SD) 
of  the  density  at  the  front  (computed  from  the 
fit)  is  ±  0.4$.  The  corresponding  SD  of  the 
pressure,  taking  into  account  the  small  error 
in  D,  is  about  three  times  as  large,  or  ±  1.2$. 

The  percentage  SD  of  the  flow  variables  of 
interest  varies  little  in  passing  from  front  to 
rear  through  the  flow.  The  collection  of  values 
of  density  at  the  front  given  by  the  different 
fitting  forms  has  a  range  of  ±  1.5$  (with  cor¬ 
responding  pressure  range  of  ±  4.5$  or  ±  12  kbar) , 
and  a  mean  value  whose  estimated  SD  is  ±  0.3$. 

A  related  collection  of  three-parameter  forms 
gives  essentially  the  same  mean  value,  with  a 
larger  estimated  SD  for  a  single  fit  and  a 
smaller  SD  for  the  mean  of  the  collection.  But 
in  every  case,  all  elements  of  the  matrix  of 
correlation  coefficients  are  near  unit  magnitude, 
indicating  that  a  two- parameter  form  is  adequate. 

As  our  final  result  for  the  CJ  state  we 
give  the  state  variables  computed  from  the  mean 
front  density  of  the  collection  of  two-parameter 
forms.  The  form  given  by  Eq.  (8)  is  centrally 
located  in  the  collection,  and  is  chosen  as  a 
compact  representation  of  the  flow.  The  errors 
quoted  are  estimated  SD's  arising  from  a  com¬ 
bination  of  two  approximately  equal  errors: 
that  due  to  the  scatter  of  the  data  as  estimated 
by  the  SD  of  the  density  computed  from  a  single 
fit,  and  that  due  to  the  uncertainty  in  the 
choice  of  fitting  form  as  estimated  by  the  com¬ 
puted  SD  of  the  mean  of  the  densities  given  by 
the  different  forms .  These  are  treated  as 
independent,  with  the  final  SD  for  density  of 
0.5$  given  by  the  square  root  of  the  sum  of  the 
squares  of  these  two.  We  are  unable  to  arrive 
at  any  useful  estimate  of  systematic  errors. 

Returning  to  the  question  of  a  possible 
trend  with  run  length,  we  describe  a  limited 
study  with  more  general  fitting  forms  not  sub¬ 
ject  to  the  restrictions  of  the  classical  model. 
For  three  of  the  two-parameter  forms ,  we  replace 
each  coefficient  by  a  linear  function  of  time, 
thus  converting  these  to  four-parameter  forms, 
and  use  the  general  analysis  described  earlier. 

The  result  is  that  the  front  pressure  increases 
with  run  length  by  about  the  same  amount  found 
in  fitting  the  individual  shots,  i.e.,  l4  kbar 
over  50  mm  of  run,  with  the  mean  value  that 
given  by  the  classical  model.  Again,  the  slope 
is  not  distinguished  statistically  from  zero. 
Pressure  is  calculated  from  the  indicated  front 
density  using  a  constant  detonation  velocity. 
Strictly  speaking,  this  is  inconsistent  with  our 
assumption  of  instantaneous  reaction  which  con¬ 
fines  the  state  point  to  the  complete-reaction 
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Hugoniot.  But  using  any  reasonable  approximation 
to  the  Hugoniot  to  compute  pressures  from  densi¬ 
ties  would  give  essentially  the  same  result,  and 
(provided  we  are  in  the  neighborhood  of  the  CJ 
point)  a  corresponding  variation  in  D  of  less 
than  0.1$,  well  within  its  experimental  error. 

RESULTS 

The  classical  CJ  model  of  a  detonation 
reproduces  the  results  of  the  experiment  within 
experimental  error.  The  numerical  values  based 
on  this  model  are  summarized  in  Table  1.  They 
are  the  central  values  from  a  collection  of  11 
different  two-parameter  forms,  all  of  which 
fit  the  data  equally  well.  They  have  the  form 
y(y) ;  y  =  x^/tD,  Y  =  x^tD,  with  x^  the  initial 
position  of  a  fluid  element,  x^  its  position  at 
time  t,  and  tD(=X)  the  front  position.  The  cen¬ 
trally  located  form  given  by  Eq.  (8)  is  pre¬ 
sented  in  the  table  as  an  analytic  representa¬ 
tion  of  the  flow.  The  errors  are  estimated 
standard  deviations  taking  into  account  both 
experimental  error  and  uncertainty  in  the  choice 
of  fitting  form,  as  described  above.  There  are 
51  degrees  of  freedom  in  the  data  analysis, 
with  the  exception  of  D  for  which  there  are 
seven . 

The  data  are  fit  equally  well  by  several 
four-parameter  forms  not  incorporating  the 
assumptions  of  the  classical  model.  The  result 
from  these  is  that  the  front  pressure  increases 
by  l4  kbar  over  50  to  100  mm  of  run,  with  the 
average  value  about  the  same  as  that  given  by 
the  classical  model  analysis.  The  increase, 
however,  is  not  statistically  distinguished 
from  zero. 

All  results  presented  are  for  explosive 
with  embedded  foils.  For  the  same  explosive 
without  foils,  the  extrapolated  infinite-medium 
detonation  velocity  is  7.977  mm/p,sec,  but  a 
measurement  by  Hayes (9)  on  a  system  identical  to 
that  used  here  but  with  foils  omitted  gives 
7.915  mm/iisec,  0.4$  higher  than  the  correspond¬ 
ing  value  with  foils  in  Table  1.  Pressure 
measurements  made  by  the  conventional  driven- 
plate  method  on  charges  with  and  without 


foils  give  a  pressure  1  to  2$  higher  without 
foils . 

COMPARISON  WITH  OTHER  WORK 

We  compare  our  experimental  results  with 
those  calculated  from  the  isentropes  of  three 
widely  used  detonation-product  equations  of 
state  calibrated  to  experimental  data.  These 
are  the  y-law,  as  calibrated  by  Deal(l0,  11), 
the  JWL  (jones-Wilkins-Lee)  as  calibrated  by 
Lee,  Hornig,  and  Kury(l2),  and  the  BKW-H0M, 
calibrated  by  Mader(l3).  These  equations  of 
state,  particularly  the  latter  two,  are  compact 
representations  of  a  large  body  of  experimental 
results  spanning  a  much  larger  pressure  range 
than  that  of  the  present  work. 

We  have  taken  what  we  believe,  after  con¬ 
sultation  with  the  originators,  to  be  the  best 
current  values  of  the  parameters.  For  the  sake 
of  uniformity  in  comparison,  we  have  imposed  a 
small  adjustment  of  the  parameters  so  that  each 
equation  of  state  passes  through  the  CJ  point 
defined  by  the  initial  density  and  detonation 
velocity  of  Table  1  and  Deal's  CJ  pressure(ll) 
of  292  kbar.  The  values  of  the  parameters  used 
are  given  in  Table  2.  Profiles  in  a  number  of 
different  variables  are  compared  in  Fig.  5. 

The  first  frame  shows  deviations  Ay  of  both  the 
experimental  foil  positions  and  the  calibrated 
equations  of  state  from  the  fit  of  Table  1. 

Note  that  Ax-  =  XAy;  for  example,  Ay  =  0.002 
corresponds  to  Ax^  =  0.1  mm  at  X  =  50  mm. 

The  differences  between  this  work  and  the 
JWL  and  BKW-H0M  equations  of  state  are  in  no 
way  due  to  any  limitation  of  the  analytic  repre¬ 
sentation  which  they  use.  The  analytic  forms 
for  their  isentropes  are  in  fact  two  members  of 
our  collection  of  two- parameter  fitting  forms 
referred  to  above.  For  this  purpose  two  of  the 
parameters  of  each  are  treated  as  independent 
adjustable  parameters,  a  third  is  dependent  on 
these  two,  and  the  rest  are  fixed  at  their  pre¬ 
viously  calibrated  values.  Values  of  the 
constants  so  adjusted,  the  calculated  pgj,  and 
the  corresponding  SDF's,  Eq.  (9)?  are  given  in 
parenthesis  in  Table  2.  Note  that  the  y-law 


TABLE  1 

Experimental  Results 

HE:  Composition  B-3»  PQ  =  1.730  g/cc,  RDX/TNT  GO/UO  weight  $ 

Front:  D  =  7.886  ±  0.008  mm/jisec  p  =  2.32  ±  0.01  g/cc  c  =  5.87  ±  0.03  mm/p,sec 

p  =  275  ±  4  kbar  u  =  2.01  ±  0.03  mm/p-sec  y  =  2.92  ±  0.05 

Fit:  Given  y(Y);  pQ/p  =  dy/dY,  c/D  =  YpQ/p,  u/D  =  y  -  c/D,  dp/dY  =  c2dp/dY 

y  =  1  +  A_1in[(AY  +  B)/(A  +  B)],  p/pQ  =  AY  +  B, 

p/PoD2  =  A-2V_1  +  2BA"2£nV  -  B2A"2V  +  1  -  2A_1  +  2BA-2£n(A  +  B)  ,  V  =  v/vQ 
_ A  =  0.63388  ±  0.019,  B  =  0.70890  ±  0.015,  (PCJ  =  275  kbar) _ 
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SPECIFIC  VOLUME  (cc/fl) 


Fig.  5  -  Comparison  with  previously  caliorated  equations  of  state. 
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TABLE  2 

Composition  B-3  Isentropes  Calibrated  From  Other  Experiments 


Form 

a^  or  y 

a2 

a3 

a4 

a5 

a6 

SDF  x  103 

PCJ 

Y-law 

2.6848 

(2.5980) 

— 

— 

— 

— 

— 

3-9 

(3.6) 

292 

(299) 

JWL 

12.095 

(92.815) 

-1.34 

5099-6 

(43074.0) 

-4.2 

(-8.1024) 

76.783 

-1.10 

7.6 

(1.8) 

292 

(268) 

BKW-HOM 

3.4918 

(4.4186) 

-2.3316 

(0.26037) 

.25961 

(2.0275) 

.028355 

-.012436 

— 

3.4 

(1.8) 

292 

(267) 

Y-law 

P  =  PCJ(v/vCJ)-Y; 

VCJ  =  y/(y 

+  ^0’  PCJ 

=  pqd2/(y 

+ 1) 

a  a, v  a^V 

JWL  p  =  a  XV  +  a^e  +  a^e  $  V  =  v/vq 

2  3  4 

BKW-HOM  inp  =  +  a^nv  +  a^(£nv)  +  a^Xnv)0  +  a^(£nv) 


Coefficients  are  for  p  in  kbar,  v  in  cc/g. 

Values  in  parenthesis  are  from  fitting  these  forms  to  our  foil  data. 


form  is  too  simple  to  represent  our  data  within 
experimental  error  (with  the  single  parameter  *y 
treated  as  adjustable) . 

The  CJ  pressure  obtained  here  from  the 
analysis  based  on  the  classical  model,  275  kbar, 
is  significantly  lower  than  the  value  292  kbar 
reported  by  Deal(ll).  This  difference  is  dis¬ 
cussed  in  the  following  paper(l4).  Several 
questions  remain  unresolved.  In  the  meantime, 
it  should  be  remembered  that  the  previously 
calibrated  equations  of  state  perform  well  in 
many  practical  calculations  where  the  feature 
of  principal  interest  is  the  motion  of  metal 
driven  by  the  explosive.  Recalibrating  them  to 
the  present  experiment  without  changing  any¬ 
thing  else  would  probably  give  poorer  results. 
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PRESSURE  MEASUREMENTS  FOR  COMPOSITION  B-3* 


W.  C.  Davis  and  Douglas  Venable 
Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico  87544 


A  new  technique  for  measuring  detonation  pressure  by  using  x-ray  photo¬ 
graphy  to  trace  the  position  of  a  rarefaction  wave  as  a  function  of  time  is 
described.  The  pressure  value  obtained  for  Composition  B-3  is  compared 
with  values  obtained  with  other  techniques.  The  values  are  £  268  ±  6  kbar 
with  the  new  x-ray  technique,  275  ±  4  kbar  using  another  new  x-ray  tech¬ 
nique,  292  ±  5  kbar  using  an  old  plate-push  technique,  and  312  ±  5  kbar 
using  a  newer  plate-push  technique.  No  satisfactory  explanation  for  the 
large  range  of  values  is  presented.  There  seems  to  be  no  reason  to  choose 
one  value  as  "correct"  in  preference  to  the  others. 


INTRODUCTION 

Measurements  of  detonation  pressure  in 
explosives  have  been  of  academic  and  practical 
interest  for  a  long  time.  Most  of  these  meas¬ 
urements  have  been  made  by  using  the  explosive 
to  drive  an  inert  material  and  inferring  the  ex¬ 
plosive  pressure  from  the  velocity  of  a  surface 
of  the  driven  inert.  However,  electromagnetic 
methods  for  determining  the  velocity  of  an  em¬ 
bedded  foil  have  been  employed  by  some  workers 
(1).  The  inverse  method  has  also  found  favor 
by  others  (2).  In  the  preceding  paper  a  method 
for  determining  the  motion  of  embedded  foils 
with  x-rays  has  been  described.  In  this  paper, 
we  describe  yet  another  x-ray  method  in  which 
the  measured  quantity  is  the  position  of  a  rare¬ 
faction  wave  in  the  explosive  products.  This 
method,  which  apparently  has  not  been  used 
elsewhere,  provides  a  measure  of  the  particle 
velocity  behind  a  detonation  wave.  We  also  col¬ 
lect  measurements  of  detonation  pressures  for 
Composition  B-3,  and  compare  the  values  from 
different  methods,  finding  a  surprising  range 
among  the  results. 

With  our  new  method,  we  trace  the  po¬ 
sition  of  a  rarefaction  wave  propagating  into  the 
explosive  products.  In  a  later  section  of  this 
paper  we  describe  how  an  upper  limit  of  the 
detonation  pressure  can  be  inferred  from  the 
rarefaction  velocity.  The  value  obtained  by  this 
method  is  268  ±  6  kbar. 


*Work  performed  under  the  auspices  of  the 
U.S.  Atomic  Energy  Commission 


In  the  preceding  paper,  Rivard  et  al  (3) 
describe  experiments  in  which  thin  metal  foils 
embedded  in  the  explosive  serve  to  mark  mass 
points  so  they  can  be  seen  by  dynamic  radiog¬ 
raphy.  Each  of  these  experiments  gives  unique¬ 
ly  the  density  of  the  explosive  products  through¬ 
out  the  flow,  from  which  the  pressure  can  be 
inferred.  Here  we  are  interested  in  only  the 
pressure  at  the  front.  The  value  obtained  is 
275  ±  4  kbar. 

The  flash  gap  technique  used  by  Deal  (4)  to 
measure  the  free-surface  velocity  of  driven  in¬ 
ert  plates  has  also  been  used  to  infer  the  det¬ 
onation  pressure  in  Composition  B-3.  The  flash 
gaps  are  covered  with  a  thin  steel  shim  which 
is  driven  by  the  moving  plate,  and  this  shim 
compresses  gas  between  it  and  a  transparent 
plastic  plate.  The  light  flash  from  the  hot  gas 
is  recorded  with  a  smear  camera.  The  value 
inferred  by  this  method  is  292  ±  5  kbar. 

Another  technique,  which  we  call  the  re¬ 
flection-change  flash-gap  technique,  has  also 
been  used  to  determine  the  velocity  of  driven 
plates.  The  arrival  of  the  shock  at  the  surface 
is  detected  by  the  change  in  reflectivity  of  the 
surface,  and  the  time -of -flight  through  a  known 
distance  by  the  flash  produced  as  the  plate  hits 
a  piece  of  plastic.  This  technique  has  also  been 
applied  both  to  Composition  B-3  in  large  cross- 
section  pieces,  and  to  the  same  explosive  with 
foils  embedded  between  layers,  exactly  as  used 
by  Rivard  et  al(3).  The  foils  have  a  small  effect 
on  the  velocity  of  a  driven  plate.  The  pressure 
inferred  by  this  method  is  312  ±  5  kbar. 
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The  inverse  method  (2),  using  the  meas¬ 
ured  variation  of  detonation  velocity  with  initial 
density  and  a  value  of  alpha  assumed  as  usual 
to  be  exactly  1/4,  gives  a  pressure  of  289  kbar. 
There  is  no  way  to  guess  how  accurate  this  val¬ 
ue  may  be. 

The  differences  among  the  values  of 
detonation  pressure  inferred  from  these  five 
methods  are  very  disturbing.  We  have  no  ex¬ 
planation  for  their  existence.  Table  I  is  a  com¬ 
pilation  of  the  measured  values.  It  is  observed 

TABLE  I 

MEASURED  PRESSURE  FOR 
COMPOSITION  B-3 

Technique  Pressure  -  kbar 

Rarefaction  velocity  268  ±  6 

Embedded  foils  275  ±  4 

Protected  flash  gap  292  ±  5 

Reflection -change  flash-gap  312  ±  5 

that  there  is  a  disagreement  between  values  ob¬ 
tained  from  similar  techniques,  and  we  note 
that  the  inferred  pressures  from  free-surface 
velocity  measurements  are  higher  than  those 
from  the  x-ray  methods  by  10  to  18%.  Although 
it  may  be  coincidence,  it  is  interesting  to  recall 
that  a  similar  difference  was  found  by  Davis, 
Craig,  and  Ramsay  (5)  when  they  compared  the  in¬ 
verse  method  and  the  free-surface  velocity 
method  for  nitrome thane  and  TNT.  They  found 
the  pressure  from  the  free-surface  velocity 
measurements  was  about  15%  higher  than  that 
from  the  inverse  method.  They  interpreted 
their  result  as  showing  a  failure  of  the  Chapman - 
Jouguet  theory;  perhaps  the  difficulty  is  really 
that  we  do  not  know  how  to  make  true  pressure 
measurements . 

The  new  experimental  method  reported 
in  this  paper  is  attractive  because,  unlike  most 
of  the  others,  the  presence  of  instrumentation, 
i.  e.  ,  the  x-ray  quanta  in  this  case,  has  a  truly 
negligible  effect  on  the  phenomena  being  ex¬ 
plored.  This  technique  depends  only  upon  the 
interpretation  of  the  observable  progress  of  a 
rarefaction  wave  that  has  moved  into  the  re¬ 
action  products  behind  a  detonation,  having  first 
passed  through  the  shock  and  reaction  zone  at 
its  front.  Limitations  of  the  precision  of  this 
technique  so  far  preclude  observations  of  the 
rarefaction's  traverse  through  the  narrow,  still 
uncharted,  nonequilibrium  region  between  the 
shock  front  and  a  position  postulated  to  be  the 
end  of  the  reaction  zone  of  Composition  B.  The 
measured  trajectory  of  this  rarefaction  wave  is 
projected  back  to  the  front  of  the  detonation 
wave,  hence  presumably  to  the  end  of  the  re¬ 
action  zone  by  virtue  of  the  assumption  that  this 
indirectly  explored  narrow  region  is  negligibly 
thin.  A  similar  situation  exists  with  plate-push 


experiments  where  the  effect  of  the  shock  (or 
rarefaction)  reflected  into  this  same  narrow 
region  is  undetermined  and  also  neglected  by 
argument  of  thinness. 

X-RAY  PHOTOGRAPHS  OF  RAREFACTION 
WAVES  IN  EXPLOSIVE  PRODUCTS 

The  head  of  a  rarefaction  wave  travels 
with  the  local  velocity  of  sound  in  the  medium. 

In  explosive  products,  which  are  in  forward 
motion,  the  velocity  of  the  wave  in  the  labora¬ 
tory  frame  of  reference  is  the  difference  be¬ 
tween  the  velocity  of  sound  c  in  the  products 
and  their  particle  velocity  u.  Thus,  a  meas¬ 
urement  of  the  apparent  rarefaction  wave  ve¬ 
locity  gives  c  -  u  in  the  explosive  products. 

When  a  plane  detonation  wave  impinges 
normally  upon  a  plane  boundary  where  it  drives 
a  low  impedance  material,  a  rarefaction  wave 
is  reflected  into  the  explosive  products.  This 
wave  is  a  pressure  discontinuity  when  it  starts, 
but  becomes  less  steep  as  it  runs.  In  flash 
x-ray  photographs,  the  wave  is  very  sharply 
defined  in  its  early  stages,  and  becomes  less 
distinct  as  time  goes  on.  Fortunately  radio- 
graphic  resolution  is  good  enough  that  measure¬ 
ments  of  wave  position  made  over  the  first 
centimeter  or  so  of  its  run  are  valid  to  about 
0.  02  cm;  this  gives  the  wave  velocity  to  about 
2%. 

As  the  rarefaction  wave  from  the  front 
propagates  back  into  the  products,  these  same 
products  are  also  affected  by  the  rarefaction 
wave  from  the  rear  (the  Taylor  wave)  which  re¬ 
duces  the  pressure,  and  changes  the  properties 
of  the  material.  The  pressure  falls  by  about 
50  kbar  at  the  head  of  the  rarefaction  wave  dur¬ 
ing  the  time  of  measurement  in  these  experi¬ 
ments.  To  estimate  these  effects  on  our  meas¬ 
urements  we  take  values  of  c  and  u  from  Rivard 
eta]  (3).  The  sound  velocity  falls  about  10%  and 
the  particle  velocity  about  23%.  Their  differ¬ 
ence,  however,  falls  only  about  3%,  so  the  fit  to 
the  data  is  not  sharply  curved  and  is  easy  to  de¬ 
fine  with  a  few  points. 

Classical  Chapman -Jouguet  theory  of 
detonation  requires  that,  at  the  end  of  the  re¬ 
action  zone, 

D  =  c  +  u, 

where  D  is  the  detonation  velocity.  Refinements 
of  the  theory  show  that  under  some  conditions, 
such  as  an  exothermic  reaction  followed  by  a 
sufficiently  strong  endothermic  reaction,  a 
weak  detonation  can  exist,  with 

D  >  c  +  u 

at  the  end  of  the  reaction  zone.  A  strong  det¬ 
onation  apparently  can  exist  only  in  an  over¬ 
driven  detonation,  which  is  not  present  in  these 
experiments.  If  we  subtract  the  measured 
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quantity  c  -  u  from  each  side  of  the  inequality 
or  equality,  we  find 

D  -  (c  -  u)  ^  2u. 

Thus  from  a  measurement  of  c  -  u  at  the  end 
of  the  reaction  zone  we  obtain  an  upper  limit  on 
the  particle  velocity  there. 

Plexiglas  served  as  the  mismatch  ma¬ 
terial  needed  to  create  a  rarefaction  wave. 

The  experiments  were  initiated  by  a  plane  wave 
lens  20  cm  in  diameter,  and  the  explosive  was 
20  cm  square  and  10  cm  thick.  The  explosive 
was  Composition  B- 3,  with  density  1.730  ± 

0.  001  g/cm3  and  composition  RDX/TNT  60/40 
by  weight  with  less  than  ±  1.5%  variation  in  the 
amount  of  RDX.  The  PHERMEX  x-ray  machine 
produces  an  electron  beam  of  27  MeV  which 
strikes  a  tungsten  target  with  a  spot  size  less 
than  1  mm  diameter.  The  radiographs  were 
taken  using  a  pulse  length  of  0.  1  psec,  which 
gave  a  radiation  output  of  about  25  R  at  1  m. 
The  center  line  of  the  explosive  was  305  cm 
from  the  x-ray  target,  and  the  film  pack  68.  6 
cm  beyond  that,  giving  a  magnification  of  1. 225. 
All  distances  were  accurately  controlled.  With 
this  geometry  the  effective  source  size  becomes 
less  than  0.  2  mm.  A  more  complete  descrip¬ 
tion  of  the  radiographic  techniques  is  given  in 
the  references  in  the  preceding  paper  (3). 

Images  on  the  films  were  measured 
using  a  precision  automatic  comparator  which 
determines  film  densities  at  precisely  known 
spacing  on  the  film.  For  these  films,  the  den¬ 
sities  were  recorded  on  magnetic  tape  as  twelve- 
bit  numbers,  and  the  measuring  interval  was  10 
pm.  The  instrument  has  been  described  by 
Steinhaus,  Engleman,  and  Fisher  (6).  The  re¬ 
corded  densities  were  sorted  and  processed 
using  a  large  computer;  the  effect  of  this  treat¬ 
ment  was  as  if  the  slit  of  the  comparator  had 
been  increased  from  2  mm  long  to  16  mm  long, 
reducing  the  film  noise.  Other  processing  was 
investigated,  but  seemed  of  little  value  for  the 
present  problem.  The  measured  x-t  positions 
of  the  rarefaction  head  are  shown  plotted  in  Fig. 
1,  along  with  a  straight  line  fitted  to  them  and 
the  curve  found  from  the  work  of  Rivard  et  al(3). 

The  value  found  for  c  -  u  is  4.  00  ±  0.  08 
mm/psec.  For  this  Composition  B-3  the  det¬ 
onation  velocity  found  by  extrapolating  the 
measured  values  for  long  sticks  to  infinite 
diameter  is  7.  977  mm/psec.  Measurements 
made  by  B.  Hayes  of  this  laboratory  on  a  sys¬ 
tem  much  like  the  one  used  for  these  experi¬ 
ments  showed  that  the  velocity  does  not  reach 
infinite -medium  velocity  in  a  short  run,  and  is 
about  7.  915  mm/psec  after  10  cm  of  travel. 
Using  D  =  7.  977  mm/psec  we  get  u  ^  1.  99  mm/ 
psec  and  p  £  274  kbar.  It  seems  better  to  use 
the  measured  velocity  for  the  distance  of  run; 
with  D  =  7.  915  mm/psec  we  get  u  £  1.  96  mm/ 
psec  and  p  ^  268  kbar.  The  standard  deviation 
of  the  measured  values  of  particle  velocity  and 
pressure  is  about  2%. 


Fig.  1.  Plot  of  measured  positions  of  head  of 
rarefaction  wave  in  Composition  B-3 
vs  time.  The  lower  curve  is  a  linear 
fit  to  the  data,  and  the  upper  curve 
is  derived  from  the  results  of  Rivard 
et  al  (3). 


X-RAY  PHOTOGRAPHS  OF  EXPLOSIVES 
WITH  EMBEDDED  FOILS 

Rivard  et  al  (3)  have  discussed  these  meas¬ 
urements  in  the  preceding  paper,  so  there  is 
no  need  for  extensive  comment  here.  The  idea 
is  that  the  mass  of  material  between  two  foils 
before  the  detonation  is  still  between  them  after 
the  explosive  has  detonated.  Therefore, 

poAx*  =  pAxf, 

where  p0  and  p  are  initial  density  and  the  mean 
density  at  the  time  the  photograph  was  taken, 
and  Axt  and  Ax,  are  the  corresponding  spacing s 
between  two  adjacent  foils.  The  set  of  final 
foil  positions,  measured  behind  the  detonation 
wave,  is  fitted  by  a  functional  form 

Xf  =  Xf(Xi)  (1) 

where  we  have  assumed  that  the  flow  is  smooth. 
Equation  (1)  describes  the  final  position  of  any 
mass  point  (not  just  a  foil)  as  a  function  of  its 
initial  position.  Thus  the  density  is  given  by 

Po/p  =  (dxf/dx,) 

which  is  obviously  just  the  limit  of  the  first 
density  expression.  To  determine  the  det¬ 
onation  pressure,  the  detonation  wave  velocity 
D,  and  the  density  just  behind  and  just  ahead 
of  the  detonation  wave  are  needed.  The  density 
behind  the  wave  is  obtained  by  extrapolating 
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the  functional  form  to  the  front  position.  A 
number  of  reasonable  forms  were  tried,  and 
all  gave  the  same  value  of  density  with  a  stan¬ 
dard  deviation  of  about  1/3%.  Application  of 
the  laws  of  conservation  of  mass  and  momen¬ 
tum  across  the  detonation  front  gives  the  equa¬ 
tion  of  the  Rayleigh  line 

P  -  Po  =  PoD2  (1  -  Po/p) 

where  p  and  po  are  detonation  pressure  and  ini¬ 
tial  pressure.  The  initial  pressure  here  is 
negligible  compared  with  detonation  pressure. 
Substitution  of  the  density  found  from  the  fit  to 
the  x-ray  film  measurements  gives  the  detona¬ 
tion  pressure.  The  assumptions  used  here  are 
very  simple:  the  state  at  the  front  is  near 
enough  to  steady  (independent  of  time)  for  the 
jump  form  of  the  conservation  laws  to  apply; 
the  foils  are  a  small  perturbation  to  the  flow  of 
the  explosive  products;  and  the  density  is  a 
sufficiently  smooth  function  of  distance  that  the 
extrapolation  (for  only  2  mm)  is  sensible.  The 
pressure  determined  from  these  measurements 
isp=  275±4  kbar. 


FLASH -GAP  PRESSURE  MEASUREMENTS 

Pressure  measurements  on  a  slightly 
different  explosive,  Composition  B,  Grade  A, 
which  is  RDX/TNT/wax  64/35/1  parts  by  weight 
with  density  1.713  g/cm3,  have  been  reported 
by  Deal  (4).  He  used  a  Plexiglas  flasher  block 
providing  1. 5-2.  5  mm  of  plate  motion,  with  0.  1 
mm  terminal  argon  gaps  covered  with  0.  1  mm 
steel  shim  stock.  The  flashes  from  the  gaps 
were  recorded  with  a  smear  camera.  He  found 
a  free-surface  velocity  of  3.  389  mm/psec  for 
24ST  dural  with  density  2.  791  g/cm3,  and  in¬ 
ferred  a  detonation  pressure  of  292.  2  ±  2.  6 
kbar.  First  order  corrections  for  density  and 
composition  changes  can  be  made  using  values 
given  by  Deal  (4).  These  suggest  that  the  Compo¬ 
sition  B-3  used  for  all  the  other  experiments 
described  in  this  paper  should  give  the  same 
pressure  as  Deal  found  for  Composition  B, 
Grade  A.  A  few  shots  fired  using  Deal's  tech¬ 
nique  on  Composition  B-3  confirm  this  projec¬ 
tion  to  within  2%.  To  allow  for  the  additional 
uncertainty  introduced  by  the  difference  in  ex¬ 
plosive,  the  pressure  inferred  with  this  tech¬ 
nique  is  taken  to  be  292  ±  5  kbar. 

In  a  later  paper,  Deal  (7)  reported  values 
of  pressure  induced  in  eleven  materials  by 
Composition  B,  Grade  A,  establishing  the  re¬ 
lease  isentrope  and  reflected  shock  Hugoniot 
curve,  and  inferred  a  pressure  of  290.  4  ±  2.  9 
kbar.  For  our  present  purposes  this  value  is 
not  distinguished  from  that  of  the  earlier  work. 


REFLECTION-CHANGE  FLASH-GAP 
PRESSURE  MEASUREMENTS 

Shots  were  fired  especially  to  see  wheth¬ 
er  there  is  a  detectable  effect  of  the  embedded 


foils  used  in  the  x-ray  experiment  (3)  on  the  way 
the  explosive  drives  a  plate.  The  charges  con¬ 
sisted  of  a  20-cm  diameter  plane  wave  lens, 
one  piece  of  Composition  B-3  10  cm  square  and 
5.  1  cm  thick,  eight  pieces  of  Composition  B-3 
10  cm  square  and  0.  635  cm  thick,  with  12.  5- 
pm  thick  tantalum  foils  between  explosive 
pieces,  and  a  plate  of  6061  dural  of  density 
2.  702  g/cm3  driven  by  the  system.  The  explo¬ 
sive  and  assembly  technique  were  identical 
with  those  of  Rivard  et  al  (3).  The  free-surface 
velocity  was  measured  with  an  optical  tech¬ 
nique:  the  shock  arrival  time  was  detected  by 
the  change  of  reflectivity  of  the  metal,  and  the 
arrival  of  the  plate  across  a  0.  127  cm  gap  was 
detected  by  a  plastic  flasher.  The  times  were 
measured  with  a  high- resolution  smear  camera. 
This  technique  has  been  checked  against  the  re¬ 
flected  edge  or  wire  technique  of  Davis  and 
Craig  (8),  and  found  to  give  the  same  values. 


Fig.  2.  Plot  of  measured  free-surface  veloc¬ 
ity  of  dural  plate  driven  by  Compo¬ 
sition  B-3  vs  distance  from  the  axis 
of  the  charge. 

These  experiments  give  the  free-surface 
velocity  as  a  function  of  distance  across  the 
aluminum  surface,  as  shown  in  Fig.  2.  The 
value  chosen  from  that  curve  is  the  central  val¬ 
ue,  3.  51  mm/psec.  Data  points  from  four  ex¬ 
periments  are  shown  in  Fig.  3.  A  line  through 
these  points  extrapolates  to  3.60  mm/psec, 
which  corresponds  to  a  detonation  pressure  of 
312  ±  5  kbar.  The  line  which  Deal  fitted  to  his 
experimental  results  is  also  shown  in  Fig.  3, 
to  show  that  the  slope  of  the  lines  is  the  same. 

Another  series  of  experiments  with 
Composition  B-3  20  cm  diameter  and  12.  7  cm 
thick,  using  the  same  technique,  gives  a  free- 
surface  velocity  of  3.  66  mm/psec  by  extrapo¬ 
lation.  The  experimental  points  are  shown 
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PLATE  THICKNESS  +  EXPLOSIVE  LENGTH 


Fig.  3.  Plots  of  measured  free-surface  veloc¬ 
ity  vs  plate  thickness /charge  length. 
Upper  curve,  charge  of  Composition 
B-3  127  mm  long,  without  embedded 
foils.  Center  curve,  charge  of  Com¬ 
position  B-3  100  mm  long,  containing 
embedded  foils.  Lower  curve,  charge 
of  Grade  A  Composition  B  200  mm 
long,  from  experiments  reported  by 
Deal. 


plotted  in  Fig.  3.  The  pressure  is  317  ±  8  kbar. 
It  seems  that  the  foils  do  not  seriously  affect 
the  velocity  of  a  driven  plate. 

Four  experiments  by  Craig  using  the  re¬ 
flected  wire  technique  (8)  are  also  pertinent.  Two 
charges  were  5.  1  cm  diameter  and  two  were 
2.  54  cm  diameter;  all  were  16  diameters  long. 
The  driven  plates  were  2024  dural,  one  2.  07 
mm  thick  and  another  2.  81  mm  thick  for  each 
diameter.  The  data  are  shown  plotted  in  Fig.  4, 
with  the  square  root  of  the  ratio  of  plate  thick¬ 
ness  to  stick  diameter  as  abscissa.  The  reason 
for  using  this  plot  is  given  in  the  discussion 
section.  These  data  extrapolate  to  a  value 
around  3.  60  mm/psec,  in  agreement  with  the 
plane  wave  measurements. 


DISCUSSION 

The  data  presented  here  show  a  large 
range  for  the  values  of  the  detonation  pressure 
obtained  by  different  methods,  and  there  is  no 
obvious  reason  for  choosing  one  rather  than 
another.  This  lack  of  consistency  is  typical  of 
results  of  pressure  measurements.  In  their 
excellent  review  of  all  the  available  experi¬ 
mental  pressure  data,  Kamlet  and  Dickenson  (9) 
observe  that  "values  ranging  from  177  to  220 
kbar  have  been  quoted  as  experimental  detona¬ 
tion  pressures  of  TNT  at  1. 63-1.  64  g/cc,  and 
belief  in  both  extreme  values  among  different 


Fig.  4.  Plot  of  free-surface  velocity  vs  (plate 
thickness /charge  diameter)*'3.  The 
explosive  was  Composition  B-3. 

knowledgeable  detonation  hydrodynamicis ts  is 
encountered  by  the  authors".  We  do  not  know 
the  reasons  for  the  differences,  but  perhaps  a 
review  of  some  facts  and  ideas  will  eventually 
lead  to  more  fruitful  discussions  of  the  spread 
in  Composition  B  pressures  reported  in  this 
paper. 

The  difference  between  the  two  types  of 
free-surface  velocity  measurements  may  be 
attributed  to  the  mechanisms  of  spalling.  The 
metal  plate  is  accelerated  to  full  velocity  very 
rapidly  as  the  shock  emerges  from  the  surface. 
Then,  since  the  material  is  cohesive,  the  free 
surface  is  decelerated  by  the  rarefaction  wave 
(the  Taylor  wave)  which  follows  the  front.  The 
resulting  tension  increases  until  it  reaches  the 
strength  of  the  plate  material,  and  then  the 
plate  spalls.  The  subject  has  been  reviewed  by 
Veretennikov  et  al  (10),  who  showed  with  some 
very  nice  experiments  how  spall  affects  these 
kinds  of  pressure  measurements.  The  free- 
surface  velocity  needed  for  pressure  measure¬ 
ments  is  the  initial  free-surface  velocity,  so 
the  weaker  the  material  the  less  the  deceler¬ 
ation  and  the  better  the  measurement.  However, 
if  the  spall  layer  is  very  thin  it  may  not  be  de¬ 
tected  by  the  instrumentation,  for  example  a 
flash  gap  protected  by  a  steel  shim.  The  flash 
will  not  appear  until  more  material  reaches 
the  flasher,  and  the  measured  velocity  will  not 
be  the  initial  free-surface  velocity.  The  newer 
optical  techniques,  such  as  the  reflected  wire 
technique  (8),  allow  direct  observation  of  the 
surface  and  can  detect  very  thin  layers. 
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Observation  of  dural  surfaces  with  these  tech¬ 
niques  shows  that  even  with  the  best  time  res¬ 
olution  available,  there  is  no  measurable  decel¬ 
eration  of  the  surface,  although  with  other 
materials  it  can  be  seen.  This  may  indicate 
that  a  very  thin  layer  is  spalled  off,  but  it  is 
not  clear  how  or  why  such  spalling  might  occur. 
The  explanation  for  the  difference  between  the 
flash  gap  and  reflection-change  flash-gap  meas¬ 
urements  may  be  that  one  is  sensitive  to  thin 
layers  and  the  other  is  not.  Even  if  this  expla¬ 
nation  is  correct,  it  is  still  not  certain  that  the 
higher  velocity  from  the  newer  techniques  gives 
a  better  pressure  measurement,  because  the 
Hugoniot  curve  for  the  dural  was  measured  in 
similar  fashion.  The  whole  subject  of  free- 
surface  velocity  technique  requires  very  care¬ 
ful  reexamination  to  avoid  persistent  circular 
arguments. 

Whether  or  not  we  understand  why  the 
two  sets  of  free -surface  velocity  measurements 
do  not  agree,  it  is  clear  that  the  x-ray  values 
are  statistically  meaningfully  lower  than  either. 
Since  the  plate  velocity  methods  have  been 
studied  and  used  for  a  long  time  and  the  x-ray 
methods  are  quite  new,  one  must  wonder  if 
there  may  be  some  overlooked  bias  in  the  new 
methods.  The  embedded  foils  have  to  be  accel¬ 
erated  by  the  explosive,  and  can  be  expected  to 
have  some  effect.  The  free -surface  velocity 
measurements  show  only  a  small  effect,  but 
they  sense  only  a  very  short  distance  back  into 
the  products.  It  seems  that  the  presence  of  the 
foils  must  reduce  the  particle  velocity  some¬ 
what  below  that  in  explosive  with  no  foils.  On 
the  other  hand,  the  pressure  obtained  from  the 
rarefaction  velocity  measurement  is  the  lowest 
of  all,  and  those  charges  contained  no  foils 
which  might  perturb  the  flow.  At  the  present 
time,  we  do  not  know  how  much  effect  the  foils 
might  have.  Another  possibility  is  that  the  low 
values  are  the  result  of  averaging  over  a  larger 
volume  of  the  charge.  It  is  obvious  from  Fig. 

2,  for  example,  that  the  pressure  falls  off  as 
we  move  away  from  the  centerline.  In  the  foil 
experiments,  the  positions  were  measured  on 
the  axis,  and  the  values  are  representative  of 
a  region  there.  In  the  rarefaction  measure¬ 
ments  no  such  selection  was  possible,  and  the 
value  is  some  sort  of  average  through  the  whole 
20  cm  thickness.  The  foils  might  be  respon¬ 
sible  for  the  low  value  in  the  one  case  and  the 
averaging  responsible  in  the  other. 

If  values  from  all  the  experiments  are 
accepted  as  good  values,  they  may  imply  that 
there  is  a  high  pressure  region  near  the  front. 
The  plate  velocity  measurements  sense  back 
only  about  0.  2  cm,  while  the  x-ray  measure¬ 
ments  sense  only  behind  that  region.  Probably 
the  x-ray  data  could  be  fitted  just  as  well  if  a 
model  were  assumed  with  a  narrow  high  pres¬ 
sure  zone  near  the  front  but  following  the  re¬ 
action  zone.  This  has  not  been  done,  because 
there  has  been  no  reason,  either  theoretical  or 
experimental,  to  believe  that  one  exists.  On 
the  other  hand  there  have  been  observations  of 


such  a  structure,  but  in  different  charge  ar¬ 
rangements,  reported  by  Craig  (11);  this  region 
of  large  pressure  gradient  has  been  referred 
to  as  a  "decay  zone",  not  identified  with  the 
reaction  zone. 

His  interpretation  has  been  questioned 
because  his  pressure  drop  seems  to  be  what 
has  been  expected  from  the  usual  model  of  the 
reaction  zone  of  a  detonation  wave.  Petrone  (12) 
on  the  basis  of  ad  hoc  assumptions  about  re¬ 
action  kinetics,  has  made  detailed  calculations 
to  show  just  how  a  reaction  zone  might  affect 
plate  velocities,  and  has  been  able  to  reproduce 
one  of  Craig's  curves.  Veretennikov  et  al  (10) 
have  suggested  that  deceleration  before  spalling 
could  account  for  the  rest  of  Craig's  results. 

It  seems  worthwhile  to  go  over  these  problems 
again. 

Most  of  the  measurements  which  Craig 
reported  were  made  with  long  sticks  of  nitro- 
methane  driving  dural  plates.  The  data  were 
presented  as  the  graph  in  Fig.  5.  The  straight 


Fig.  5.  Plots  of  free-surface  velocity  vs 

dural  plate  thickness  for  long  sticks 
(curves  A,  B,  and  C)  and  for  short 
plane-wave  charges  (curve  D)  of 
nitromethane,  as  reported  by  Craig. 

lines  marked  A,  B,  and  C  show  how  one  might, 
using  the  usual  model  for  plane  detonations, 
interpret  any  one  of  the  data  sets  to  find  the 
CJ  pressure.  Obviously  the  three  sets  do  not 
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give  the  same  result.  Craig's  resolution  of 
this  discrepancy  was  to  postulate  a  decay  zone 
with  a  large  pressure  gradient  behind  the  front, 
and  to  assume  that  the  reaction  zone  could  not 
be  seen  because  it  was  too  thin.  As  they  are 
plotted  in  this  plane  it  is  difficult  to  extrapolate 
the  data  points  in  any  satisfying  way. 

In  detonation  theory  there  is  a  model, 
Taylor's  model  of  a  spherical  detonation  ( 1  3), 
which  has  an  infinite  pressure  gradient  behind 
the  detonation  front.  Experimental  work,  for 
example  that  of  Hantel  and  Davis  (14),  shows  that 
there  is  in  fact  a  very  steep  gradient  behind  a 
spherical  detonation  wave.  From  Taylor's 
model  it  is  easy  to  show  that  if  plate  velocity 
measurements  were  made  with  a  spherical 
driving  wave,  the  plot  of  velocity  vs  (plate 
thickness)1' 3  would  be  a  straight  line. 

If  Craig's  data  are  plotted  in  a  reduced 
form  appropriate  to  Taylor's  model,  using  the 
square  root  of  the  ratio  of  plate  thickness  to 
stick  diameter  as  abscissa,  they  all  fit  a  single 
curve,  as  shown  in  Fig.  6.  It  can  be  made 


Fig.  6.  Plot  of  free-surface  velocity  vs  (plate 
thickness /charge  diameter)1^2  for 
nitromethane.  The  points  plotted  here 
are  those  from  curves  A,  B,  and  C  of 
Fig.  5. 


plausible  that  this  fit  is  not  accidental,  because 
the  decay  zone  can  be  avoided  by  using  plane 
initiation  of  large  diameter,  short  charges. 
Some  data  from  shots  of  this  kind,  done  by 
Craig,  are  plotted  in  Fig.  7.  The  abscissa  is 
the  ratio  of  plate  thickness  to  charge  length 
plus  a  constant;  the  constant  apparently  adjusts 
for  the  fact  that  the  rarefaction  wave  is  not  ex¬ 
actly  a  centered  simple  wave.  The  data  of 
curve  D  of  Fig.  5  are  the  crosses  in  Fig.  7. 

The  intercept  of  the  long  stick  fit  is  2.  141  mm/ 
psec,  and  that  of  the  plane  wave  fit  is  2.  189 
mm/psec.  These  values  are  in  reasonable 
agreement.  Since  no  reaction  zone  is  apparent 
in  the  plot  of  plane  wave  data,  it  seems  very 
unlikely  that  the  large  pressure  gradient  in¬ 
ferred  from  the  long  stick  data  is  evidence  of 
a  reaction  zone.  Craig's  interpretations  of  the 


Fig.  7.  Plot  of  free-surface  velocity  vs  plate 
thickness/ [charge  length  +  a  constant 
(3.  189  cm)]  for  short  plane- wave 
charges  of  nitromethane.  The  points 
plotted  as  crosses  are  the  points  used 
for  curve  D  of  Fig.  5. 

data  as  showing  that  the  reaction  zone  is  too 
thin  to  be  detected,  and  that  there  is  a  very 
steep  pressure  gradient  behind  the  front  in  long 
sticks,  seems  justified.  (The  nitromethane 
pressure  is  134  ±  4  kbar  at  23°  C,  or  142  ±  4 
kbar  at  4°  C.  )  The  data  in  Fig.  4  for  Compo¬ 
sition  B-3  show  similar  behavior,  and  the  re¬ 
sults  for  nitromethane  show  why  we  plotted 
them  as  we  did. 

Decay  zones  are  not  observed  in  large 
diameter,  short,  plane -wave  charges  such  as 
those  used  to  obtain  the  Composition  B-3  re¬ 
sults  reported  in  this  paper.  Therefore  the 
discrepancy  in  the  results  is  not  related  to  the 
decay  zone  described  by  Craig.  Many  other 
experiments  have  shown,  however,  that  the 
values  obtained  from  pressure  measurements 
are  affected  by  changes  in  the  initiating  sys¬ 
tems,  and  by  changes  in  charge  dimensions 
and  proportions.  Some  of  the  effects  that  have 
been  seen  are  obviously  caused  by  side  rar¬ 
efactions,  but  others  are  more  subtle  and  have 
not  been  satisfactorily  explained.  The  present 
discrepancy  may  be  another  manifestation  of 
these  effects. 

We  have  demonstrated  that  a  single 
group  of  experimenters  using  the  same  explo¬ 
sive  for  all  experiments  can  obtain  significantly 
different  values  for  the  detonation  pressure  by 
using  different  techniques.  In  the  past  it  has 
been  common  to  dismiss  such  differences  in 
reported  pressure  values  as  being  caused  by 
(1)  differences  in  the  explosive  used  or  (2)  dif¬ 
ferences  in  the  plate  material  or  (3)  the  biases 
of  observers.  But  now  those  easy  excuses  for 
avoiding  the  problem  are  gone,  and  something, 
perhaps  more  basic  to  the  physics  of  the  phe¬ 
nomena,  is  still  wrong.  Pressures  are  not 
measured  directly  in  any  of  the  experimental 
techniques;  they  must  be  inferred.  It  seems 
clear  now  that  some  or  all  of  the  inferential 
schemes  are  inadequate  or  incorrect,  or  that 
some  of  the  underlying  assumptions  about  the 
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experiments  are  unjustified.  More  work  will 
be  needed  to  discover  where  the  faults  lie. 
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SHOCK  VELOCITY  MEASUREMENTS  IN  INERT  MONITORS 
PLACED  ON  SEVERAL  EXPLOSIVES 


R.  L.  Jameson  and  A.  Hawkins 
USA  Ballistics  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Measurements  of  average  shock  velocity  in  inert  monitors  placed  on  the  end  of 
detonating  solid  phase  explosives  have  been  made.  Brass,  aluminum,  magnesium 
and  Plexiglas  were  used  on  TNT,  and  Plexiglas  on  Octol ,  Comp  B,  Pentolite  and 
9404.  The  reaction  zone  measurements  were  sensitive  to  the  shock  impedance 
of  the  monitor  in  relation  to  the  impedance  of  the  explosive.  A  value  for  the 
reaction  zone  length  for  TNT,  a  =  0.6  -  0.1  mm,  was  calculated  from  the  meas¬ 
urements  with  the  four  monitor  materials.  Von  Neumann  spike  measurements  were 
impractical  due  to  the  error  that  would  occur  from  extrapolation.  Chapman- 
Jouguet  pressures  were  calculated  and  were  as  follows:  TNT  (P  =  200  -  10  kilo- 
bars),  50/50  Pentolite  (P  =  245  -  10  kilobars).  Comp  B  (P  =  280  *  10  kilobars), 
Octol  (P  =  305  -  10  kilobars),  and  PBX  9404  (P  =  345  -  10  kilobars).  These 
measurements  were  independent  of  the  monitor  material  used. 


INTRODUCTION 

The  one  dimensional  steady  detonation  wave 
has  been  characterized  by  Zeldovich  (1),  von 
Neumann  (2)  and  Doring  (3),  as  a  shock  wave  in 
the  unreacted  explosive  followed  by  a  reaction 
zone  which  ends  at  a  region  designated  as  the 
Chapman-Jouguet  plane.  An  illustration  of  this 
model  is  shown  as  Figure  1.  There  are  several 
points  of  this  model  that  are  important  to  the 
physical  understanding  of  the  detonation  pro¬ 
cess  and  its  application.  These  points  are  the 
pressure  in  the  shock  wave,  the  reaction  zone 
length  and  the  pressure  at  the  Chapman-Jouguet 
plane. 

We  have  made  measurements  of  the  shock 
velocity  in  inert  materials  placed  on  the  end 
of  a  detonating  solid  phase  explosive.  Five 
explosives  of  military  interest  were  selected 
for  this  work,  TNT,  60/40  Comp  B,  50/50  Pento¬ 
lite,  75/25  Octol  and  PBX  9404.  All  were  cast 
except  9404  which  was  pressed. 

Theory 

When  an  inert  material  is  placed  in  con¬ 
tact  at  the  end  of  an  explosive  charge  that  is 
then  detonated,  a  shock  wave  followed  by  a  rare¬ 
faction  wave  is  transmitted  into  the  inert 
material.  If  the  inert  material  and  the  explo¬ 
sive  have  the  same  shock  impedance  p  U,  p  the 
original  density  and  U  the  shock  vel8city,°all 
the  energy  of  the  shock  wave  will  be  transmitted 
into  the  inert  monitor  and  there  will  be  no 


reflected  wave.  If,  however,  the  inert  material 


Fig.  1  -  Model  of  a  one-dimensional  steady 
detonation  wave  as  characterized  in  references 
(1),  (2)  and  (3). 
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is  of  lower  shock  impedance,  a  rarefaction  wave 
will  be  reflected  back  into  the  explosive.  Con¬ 
versely,  if  the  inert  material  is  of  higher 
shock  impedance  a  compression  wave  will  be  re¬ 
flected  back  into  the  explosive.  In  their  work 
with  Composition  B,  Duff  and  Houston  (4)  assumed 
that  the  aluminum  monitors  and  Composition  B 
were  of  the  same  impedance,  thus,  no  reflection 
took  place.  They  developed  an  equation  to 
calculate  the  reaction  zone  thickness  from  a 
knowledge  of  the  free  surface  velocity  of  alumi¬ 
num  on  Composition  B  versus  the  thickness  of  the 
aluminum  and  other  characteristics  of  the  explo¬ 
sive  and  the  metal.  The  equation  for  reaction 
zone  length  "a" 

b[D.(u.  +  c.  -  D.)(l  -  a)] 

LDt(ut  +  ct  -  a  D.)J 

was  developed  from  an  analysis  of  the  geometric 
parameters  of  experiment  that  made  use  of  the 
average  shock  velocities  in  the  metal.  A  shock 
diagram  for  a  detonation  striking  a  barrier  is 
shown  as  Figure  2. 


SHOCK  DIAGRAM  FOR  DETONATION 
STRIKING  INERT  BARRIER 


Fig.  2  -  Distance-time  diagram  of  a  detonation 
striking  an  inert  barrier  for  a  condition  in 
which  there  will  be  no  reflected  wave  at  the 
interface.  (From  Duff  and  Houston  (4)). 


The  parameters  are  D.,  the  detonation  velocity; 
a  D.,  the  velocity  of  the  interface  through  the 
reaition  zone;  D.,  the  average  shock  velocity 
in  the  metal  monitor  (this  is  the  same  as  0  used 
later  in  this  paper);  u.  +  c.,  the  average 
velocity  of  the  foot  ofLthe  rarefaction  wave  and 
b  the  plate  thickness  at  which  the  foot  of  the 
rarefaction  wave  overtakes  the  shock  wave.  A 
more  complete  discussion  of  the  derivation  may 


be  found  in  reference  (4).  We  have  applied 
this  equation  in  calculation  of  a  number,  "a" 
the  reaction  zone  length,  for  conditions  in 
which  reflection  will  take  place.  We  calculated 
"a"  for  TNT  with  four  impedance  combinations. 

The  other  explosives  were  calculated  with  Plexi¬ 
glas. 


Pressures  were  inferred  from  theoretical 
considerations  using  values  of  shock  velocity 
taken  from  curves  of  shock  velocity,  U,  versus 
distance  of  shock  travel  S  in  the  monitor 
material.  Calculations  of  an  approximate  pres¬ 
sure  were  made  first  from  the  interface  equation 


P1  =  P2  (p2  U2  +  P1  Dl)  (2) 


where  p,  U,  P  and  D  are  density,  shock  velocity, 
pressure  and  detonation  velocity  respectively 
and  1  refers  to  the  donor  material  and  2  the 
acceptor  material.  These  pressures  were  re¬ 
fined  using  the  approach  of  Coleburn  (5)  which 
employes  an  isenfrropic  equation  of  state  for 
the  product  gases 

PVk  =  A  (3) 

where  P  is  pressure,  V  volume,  and  k  and  A  are 
constants.  Coleburn  derived  the  following  two 
equations  from  which  the  pressures  are  calcu¬ 
lated  by  an  iteration 


P1  =  p2  I"1  ’  (k2-l)u2  -  (k-l)D 

2TT) 


2k 

CT 


(4) 


=  p0  D2/(k  +1)  (5) 
where  u^  is  particle  velocity  in  the  monitor. 
Experimental  Procedure 


Average  shock  velocities  were  measured  in 
inert  materials  placed  on  the  explosive  samples. 
Four  monitor  materials  were  used  in  the  TNT 
experiments  and  only  Plexiglas  on  the  other 
explosives.  The  materials  and  the  Hugoniots 
used  are  listed  below. 

Aluminum  (2024),  p  =  2.785  gm/cm3  (6) 

U  =  5.328  +  1.338  u 

Brass  (271),  p  =  8.443  g/cm3  (7) 

U  =  3.802  +  1.418  u  - 
Magnesium  (AZ31B),  p  =  1.776  g/cnr  (8) 

U  =  4.648  +  1.198  u  ~ 

Plexiglas  (II  UVA),  p  =  1.183  g/criT 

U  =  2.695  +  1.538  u  (9) 

The  monitors  were  placed  on  the  surface 
of  a  10  cm  diameter  by  2.5  cm  thick  test  charge 
which  was  boostered  by  a  10  cm  Comp  B  -  TNT 
plane  wave  lens.  The  monitors  were  fabricated 
as  disks  whose  flat  surfaces  were  lapped  and 
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polished  plane  and  parallel.  The  diameter  was 
dictated  by  the  thickness  of  the  pellet  to  avoid 
side  rarefactions.  Disk  thicknesses  were  meas¬ 
ured  to  within  -  2  microns.  The  surface  of  the 
Plexiglas  disks  to  be  in  contact  with  the  explo¬ 
sive  was  aluminized  by  vacuum  evaporation.  In 
order  to  observe  the  arrival  of  the  shock  wave 
at  the  surface  of  the  explosive  Plexiglas  disks 
were  placed  on  the  charge  in  the  area  between 
the  opaque  sample.  The  arrival  of  the  detona¬ 
tion  wave  at  the  explosive  surface  and  the 
shock  wave  at  the  top  surface  of  the  monitors 
was  sensed  by  a  change  in  the  reflection  at  the 
monitor  surfaces  of  the  light  from  an  argon 
flash  bomb  as  viewed  by  a  rotating  mirror  streak 
camera. 

The  shock  travel  times  were  determined  by 
reading  the  streak  camera  record  on  an  optical 
comparator.  The  cameras  limit  of  time  resolu¬ 
tion  was  3  nanoseconds.  Average  shock  velo¬ 
cities  were  calculated  from  these  times  and  the 
disk  thickness. 

Results 

The  average  shock  velocities  D  for  each 
explosive  were  first  plotted  versus  the  shock 
travel  distance  S  (monitor  thickness).  A  "by 
eye"  fit  to  the  data  is  made  and  then  this 
curve  is  related  to  the  instantaneous  shock 
velocity  U  by  the  relationship 


Slopes  are  calculated  by  numerical  differentia¬ 
tion  of  the  smooth  data.  The  results  of  TNT 
with  Al ,  Brass,  Mg  and  Plexiglas  monitors  and 
Pentolite,  Comp  B,  Octol  and  PBX  9404  with 
Plexiglas  monitors  are  shown  as  Figures  3  -  10. 
The  curves  display  a  rapidly  changing  shock 
velocity  in  the  region  of  the  thin  monitors  as 
would  be  expected  from  ID  model  shown  in  Figure 
1.  There  is  then  a  transition  region  followed 
by  a  slowly  changing  shock  velocity  in  the 
region  of  thicker  monitors.  We  have  taken  the 
end  of  the  transition  region  to  represent  the 
image  of  the  C-J  plane  and  an  indication  of  the 
end  of  the  reaction  zone.  This  is  the  point 
where  the  end  of  the  rarefaction  fan  catches 
the  shock  wave  in  the  monitor,  the  distance 
"b"  in  equation  1.  This  is  in  agreement  with 
the  transition  zone  mentioned  by  Petrone  (10) 
and  Craig  (11).  Using  equation  (1)  we  calcu¬ 
lated  an  effective  reaction  zone  length  to  the 
closest  0.1  mm  from  the  data  of  Figures  3  -  10. 
Analysis  of  the  impedance  relationship  between 
explosive  and  monitor  would  indicate  that  the 
true,  no  reflection,  reaction  zone  length  would 
be  a  =  0.6  -  0.1  mm  for  TNT.  The  value  calcu¬ 
lated  for  the  other  explosives  with  Plexiglas 
monitors  would  be  slightly  higher  than  the  true 
a  beacuse  a  rarefaction  wave  would  be  reflected 
into  the  explosive  in  each  case.  In  the  case 
of  a  shock  wave  passing  from  TNT  into  a  monitor 
material  a  compression  wave  would  be  reflected 
back  into  TNT  from  brass  and  aluminum,  a  rare¬ 


faction  wave  reflected  from  Plexiglas  and  a 
magnesium  monitor  is  nearly  a  perfect  match  for 
solid  TNT  and  there  would  be  no  reflection. 


TABLE  I 

Effective  Reaction  Zone  Lengths 


Explosive 

Monitor 

"a"  in  explosive 

TNT 

Plexiglas 

0.7  mm 

TNT 

Magnesium 

0.6  mm 

TNT 

Aluminun 

0.3  mm 

TNT 

Brass 

0.4  mm 

Comp  B 

Plexiglas 

0.7  mm 

Pentolite 

Plexiglas 

0.5  mm 

Octol 

Plexiglas 

0.8  mm 

9404 

Plexiglas 

0.5  mm 

The  TNT  results  could  indicate  that  the  reac¬ 
tion  was  slowed  as  the  pressure  in  the  reaction 
zone  was  dropped  by  a  rarefaction  wave  and 
conversely  accelerated  when  the  pressure  was 
increased  by  a  compression  wave. 

If  the  value  of  U  (the  shock  velocity)  at 
the  end  of  the  transition  region  is  used  to 
calculate  the  pressure  in  the  explosive,  this 
pressure  will  correspond  to  an  aquarium  type 
experiment  (5)  which  is  insensitive  to  velo¬ 
cities  within  the  spike  affected  area.  When 
the  Taylor  wave  region,  the  region  following 
the  C-J  plane,  is  extrapolated  to  S  =  0  the 
value  will  be  similar  to  the  measurements  of 
Cast,  et  al  (12)  where  an  extrapolation  tech¬ 
nique  was  used.  Table  II  gives  pressures 
calculated  in  both  ways.  Pressure  are  limited 
both  by  preliminary  estimate  from  the  interface 
equation  (2)  and  the  Coleburn  equation  (4). 
Pressures  were  calculated  with  the  TIGER  Code 
(13)  for  each  explosive  as  a  comparison  with 
the  experimental  results.  The  nonextrapolated 
values  generally  compared  well  with  those 
measurements  available  in  the  Coleburn  report 
(5),  but  the  pressure  for  TNT  in  this  work  was 
slightly  higher.  The  extrapolated  values  for 
TNT  were  10  kilobars  higher  and  9404  was  29 
kilobars  lower  than  reported  by  Cast,  et  al 
(12).  We  fired  several  pressed  TNT  shots  with 
aluminun  monitors  on  which  free  surface  velo¬ 
cities  were  measured.  The  free  surface  velo¬ 
cities  were  converted  to  shock  velocities  and 
shown  on  Figure  3.  Pressure  calculated  from 
this  data,  p  *  1.614  g/cm  ,  were  194  Kb  by 
Coleburn' s  equation,  10  kilobars  lower  than 
the  p  =  1.63  g/cm'3  cast  TNT  with  Al  shock 
velocity  monitors.  A  density  correction  would 
bring  the  results  somewhat  closer  together  for 
good  agreement. 

The  extrapolation  of  the  data  which 
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TNT  — ALUMINUM 


Fig.  3  -  Shock  velocity  -  shock  travel  distance  plot  for  Aluminum  monitors  on  TNT 


TNT  —  PLEXIGLAS 


Fig.  4  -  Shock  velocity  -  shock  travel  distance  plot  for  Plexiglas  monitors  on  TNT 
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S  (MM  ) 

Fig.  5  -  Shock  velocity  -  shock  travel  distance  plot  for  Magnesium  monitors  on  TNT 


21 


Jameson  and  Hawkins 


Fig.  7  -  Shock  velocity  -  shock  travel  distance  plot  for  Plexiglas  monitors  on 
Composition  B. 


Fig.  8  -  Shock  velocity  -  shock  travel  distance  plot  for  Plexiglas  monitors  on 
Pentol ite. 
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Fig.  9  -  Shock  velocity  -  shock  travel  distance  plot  for  Plexiglas  monitors  on 
Octol . 
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reflected  the  pressure  of  the  spike  to  U  at 
S  =  0  should  indicate  a  spike  pressure.  How¬ 
ever,  the  sensitivity  of  the  calculation  to 
changes  in  shock  velocity  require  all  the  data 
in  the  thin  monitor  range  to  be  of  very  high 
precision  to  yield  a  reliable  result.  With  a 
limiting  time  resolution  of  3  nsec  the  error 
in  thin  monitors  becomes  large.  The  authors 
would  therefore  refrain  from  extrapolation 


until  higher  precision  equipment  is  available 
and  velocities  in  thinner  samples  could  be 
measured. 
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TABLE  II 

Detonation  Pressure  Calculations 


Monitor 

Material 

P  (no  extrapolation) 

P  (extrapolation) 

ExDlosive 

D  ^ 

D 

Interface 

Coleburn 

k 

Interface 

Coleburn 

k 

g/cm'*' 

mm/ps 

Kilobars 

Kilobars 

Kilobars 

Kilobars 

TNT 

A1 

1.63 

6.860 

198 

195 

2.927 

204 

202 

2.806 

TNT 

PI  ex 

1.63 

6.860 

197 

195 

2.926 

211 

210 

2.657 

TNT 

Brass 

1.63 

6.860 

196 

186 

3.122 

196 

186 

3.122 

TNT 

Mg. 

1.63 

6.860 

194 

194 

2.947 

201 

201 

2.816 

average 

pressure  P 

=  193 
t  5  i 

2.981 

0.095 

200 

-io  i 

2.850 

0.195 

TNT 

*TIGER(13) 

1.63 

227 

50/50 

P  entol ite 

PI  ex 

1.66 

7.448 

242 

240 

2.859 

248 

246 

2.750 

50/50 

Pentolite 

*TIGER 

1.66 

266 

COMP  B 

PI  ex 

1.692 

7.840 

269 

266 

2.910 

284 

281 

2.698 

COMP  B 

*TIGER 

1.692 

287 

75/25 

Octol 

PI  ex 

1.800 

8.550 

309 

304 

3.335 

310 

305 

3.315 

75/25 

Octol 

*TIGER 

1.800 

335 

9404 

PI  ex 

1.845 

8.835 

337 

331 

3.355 

353 

346 

3.160 

9404 

*TIGER 

1.845 

372 

★TIGER  is  an  equilibrium  chemistry  computer  code. 
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A  COMPARISON  OF  SPHERICAL,  CYLINDRICAL  AND  PLANE  DETONATION 
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and 
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New  experimental  results,  as  well  as  previous  ones,  have  been  con¬ 
sidered  in  view  of  comparing  the  plane  (D  ),  divergent  cylindrical 
(D  )  and  spherical  (D  )  detonation  velocities  of  a  solid  explosive 
(composition  B,  p0  =  s1.720  g/cm3),  a  liquid  explosive  (commercial 
grade  nitrcmethane ) ,  a  gaseous  explosive  (C3H8  +  5  Op  mixture, 

Po  =  1  bar,  T0  =  293°K) . 

Taking  into  account  the  values  Dp.,  Dc.,  and  Ds.  of  the  detonation 
velocity  corresponding  to  infinite  values  of  the  geometrical  para¬ 
meters,  as  the  charge  diameter,  the  thickness  of  the  cylindrical 
charge,  the  abscissae  of  the  detonation  front,  it  can  be  concluded 
that  : 

i)  only  the  velocity  Ds.  seems  to  characterize  intrinsically 
the  detonation  process, 

ii)  the  detonation  velocity  does  depend  on  the  rear  flow  and 
thus  the  Chapman-J ougue t  theory  appears  as  a  first  appro¬ 
ximation. 


I  -  INTRODUCTION 

1.1  -  It  is  now  well  proved  that  the  measu¬ 
red  values  of  the  detonation  velocities  D  general¬ 
ly  agree  within  a  few  percents  (3  -  5%)  with  those 
Dth  which  are  calculated  through  the  usual  Chapnan- 
J ougue t  equations.  This  agreement  is  more  particu¬ 
larly  obvious  in  the  case  of  gaseous  explosives, 
provided  the  heterogeneities  of  the  wave  front 
(1)  (2)  (3)  (4)  do  not  perturb  the  velocity  mea¬ 
surements,  i.e.  when  the  typical  length  of  the 
multidimensionnal  structure  (5)  of  the  front  is 
negligible  with  respect  to  the  distance  over  which 
the  detonation  is  observed.  For  condensed  explosi¬ 
ves,  such  an  agreement  between  D^  and  D  is  obtai¬ 
ned  through  a  proper  choice  of  thermodynamic  data 
in  a  way  which  is  generally  thought  to  be  satis¬ 
factory. 

According  to  various  considerations,  the 
velocity  D  does  not  seem  to  be  the  most  appropria¬ 
te  detonation  parameter  to  ground  a  definite  ap¬ 
preciation  of  Chapman-J ouguet  theory.  Nevertheless, 
it  does  remain  that  D  is  the  only  detonation  cha¬ 
racteristic  which  can  be  measured  accurately 
(0.2£)  whatever  be  the  wave  configuration,  and 
that  gathering  and  comparing  numerous  and  accu¬ 
rate  velocity  measurements  will  help  further  pro¬ 
gress  in  the  field. 


1.2  -  The  present  paper  sumnarizes  the  con¬ 
clusions  brought  out  by  the  results  of  seme  new 
experiments  which  have  been  achieved  in  view  of 
conpleting  the  existant  knowledge  of  plane,  di¬ 
vergent  cylindrical  and  spherical  waves  in  ga¬ 
seous  and  condensed  explosives.  In  order  to  refer 
easily  to  previous  measurements  of  our  own  and  to 
other  authors* results,  these  experiments  deal 
with  usual  explosives  (a  composition  B,  commer¬ 
cial  grade  nitrcmethane,  C3H3  +  5  Op  mixture) 
under  usual  pressure  and  temperature  conditions. 

It  appears  to  be  convenient  to  present  and 
discuss  the  plane  E^,  cylindrical  Dc,  spherical 
Ds  velocity  measurements  according  to  the  dis¬ 
tance  X  covered  by  the  wave  and  to  a  parameter 
d  defined  as  follows  : 

a)  for  a  plane  wave,  d  is  hydraulic  diameter 
of  the  charge  ; 

b)  for  a  cylindrical  wave  in  a  h  high  charge, 
d  =  2h  (2h  is  the  limit  of  the  hydraulic 
diameter  when  X  goes  to  infinity)  ; 

c)  for  a  spherical  wave,  d  =  X. 

The  limits  of  C^,  Dc,  Ds  when  d"1  =  0  are  respec¬ 
tively  called  E^oo,  Dc.,  Efe.. 

Though  small,  the  differences  between  the 
three  above-defined  limits  are  significant  in  so 
far  as  they  appear  systematically  in  such  a  way 
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that,  when  it  is  accounted  for  other  experiments 
in  the  case  of  other  explosives,  they  may  be  inter¬ 
preted  in  terms  of  confinement  effects  on  the  mo¬ 
vement  of  the  detonation  products, 

2  -  EXPERIMENTAL  RESULTS 

2.1  -  Composition  B  -  (Fig.  1)  - 

2.1.1.  Plane  detonations. 

Dealing  with  bare  cartridges  (20  <  6^  <  100, 
240  <  81x1  using  ionization  probes,  we 

have  verified  that,  as  it  generally  happens  in  so¬ 
lid  high  explosives,  the  detonation  propagates  at 
a  constant  velocity  Dp  when  X  >  3d  and  that  the 
variation  of  with  d  is  less  than  0.2*  for  the 
considered  values  of  d.  Therefore  the  measured 
value  may  be  considered  as  the  limit  Dp..  Accor¬ 
ding  to  our  measurements.  D^«*  varies  with  p0 
(1.710  <  p o  <  1.730  g/an3)  according  to  the  law 
V(m/s)  =  8193  ♦  3165(p0  “  1.720). 


p0  density.  This  comparison  confirms  that  Ds„  >Dp«. 

2.2  -  Commercial  grade  nitranethane  - 

2.2.1.  Plane  detonations. 

By  means  of  ionization  probes  and  chronographs, 
we  have  measured  within  0.2*  the  velocity  Dp  in 
steel  tubes  (length  500  nm,  internal  diameter 
20  ^  d  $  36  mm,  wall  thickness  2  ^  e  ^  9  mm).  In 
agreement  with  many  other  studies  on  nitrcmetha- 
ne  (8)  (9)  and  on  different  liquid  explosives  (10) (11) 
we  have  found  that  Dh  is  a  linear  function  of 
cT1  (cf.  fig.  2)  (P  curve). 

Morever  it  seems  that  the  D  .  value  does  not 
depend  on  the  nature  of  the  confinement  whereas 
the  slope  np  =  |ai^/a(d"l)|  does  vary  with  the 
mechanical  properties  and  thickness  of  the  tube. 

2.2.2.  Cylindrical  detonations. 


2.1.2.  Cylindrical  detonations. 

Cylindrical  detonations  have  been  generated 
(6)  in  300  nm  diameter  flat  cylinders  whose  densi¬ 
ty  p0  belongs  to  the  range  1.712  -  1.725  with 
1.720  as  mean  value,  and  whose  height  h  is  10,  20 
or  30  mm.  The  initiation  was  obtained  through  the 
same  device  as  that  described  in  (7),  and  the  ve¬ 
locity  DC(X)  has  been  measured,  in  the  plane  of 
syimetry^ by  means  of  air-chambers  probes  (cf.  (7)). 
The  difference  between  1.720  and  the  density  of 
each  cylinder  has  been  taken  into  account  accor¬ 
ding  to  the  above-mentioned  rate  of  variation  of 
E^with  p0.  The  thus  normalized  experimental  re¬ 
sults  show  that,  for  each  of  the  three  charge 
heights  h,  DC(X)  reaches  a  constant  value  Dc  when 
X  >  X(d)  ;  one  notices  that  fx(d)  -  1.5  d]  is  po¬ 
sitive  and  decreases  when  d  increases.  These 
three  Dc  values  are  such  that  |DC-  Dp.|/DL  »  0.2*. 
Therefore  one  may  consider  that  Dc.  does  not  dif¬ 
fer  from  Dp.. 

2.1.3*  Spherical  detonations. 

Spherical  divergent  detonations  have  been 
initiated  under  conditions  described  in  (7),  in 
explosive  (150  mm  diameter)  spheres  whose  densi¬ 
ty  p0  belong  to  the  range  1.71*1  -  1.728  g/cm3 
with  1.720  as  mean  value.  The  velocity  Ds(X)  has 
been  measured  by  means  of  air- chambers -probes, 
along  a  ray  normal  to  the  axis  of  initiation. 

The  measurements  have  been  then  referred  to  the 
density  1.720  according  to  the  law  EL.(p0).  The 
normalized  velocity  starts  fran  values  smaller 
than  Dp*  =  8193  m/s,  increases  up  to  values  hi¬ 
gher  tnan  EL*,,  then  decreases  slowly  and  finally 
keeps,  when  X  >  120  nm,  a  constant  value 
Ds  =  8227  m/s.  It  may  be  emphasized  that  this 
later  value  identified  with  Ds.  value  exceeds 
Dp.  by  approximately  0.4*  (cf.  fig.  1). 

In  order  to  remove  the  uncertainty  which  may 
originate  fran  "normalization”,  experiments  have 
been  designed  so  that  the  measurements  of 
DS(X  >  120  ran)  =  8251  m/s  only  deal  with  spheres 
whose  density  is  1.727  or  1.728  g/cm^  and  can  be 
directly  compared  to  the  EL*,  =  8213  m/s  value 
measured  in  (d  =  50  nm)  cartridges  of  the  sane 


Owing  to  the  above  mentioned  technique,  the 
detonation  velocity  Dc  of  nitromethane 
(T0  =  293  ±  1°K)  in  cylindrical  sectors 
(5  *  h  $  30  mm,  36°  $  a  «  60°,  1.2  nm  thick  steel 
walls)  has  been  measured  (12)  within  0.3*  over 
a  distance  of  200  nm  (and  sometimes  400  mm) .  When 
X  >  50  mm,  it  appears  to  keep  a  constant  value 
which  is  a  linear  function  of  d"1  (cf.  fig.  2, 

C  curve).  The  Dc.  corresponding  equals  Du*,  within 
experimental  error.  y 

2.2.3.  Spherical  detonations. 

The  spherical  divergent  detonation  of  ccrmer- 
cial . grade  nitromethane  (Tb  =  298  ±  1°K)  has  been 
initiated  (13)  by  the  spherical  divergent  detona¬ 
tion  of  a  50  nm  in  diameter  solid  explosive  ball, 
which  is  itself  initiated  as  described  in  (7). 

The  container  is  made  of  glass  and  is  shaped  as 
a  cube  whose  side  is  110  ram  long.  The  velocity 
Dg  has  been  measured  within  0.2*  by  means  of  the 
argon  flash  technique  and  streak  camera.  It  has 
been  found  that  Dg  decreases  rapidly  when 
(X  -  Xq)  increases  (Xq  =  initiator  radius  =  25mn) 
and  keeps  ;  when  (X  -  Xq)  >  12  nm,  a  constant 
value  Dg*,  which  equals  Dp*,  within  0.2*  (cf.  fig.  2 
S  curve;. 


2.3  -  C3H8  ♦  5  O2  Mixture  - 
2.3*1.  Plane  detonations. 


in  previous  experiments  (14 )  (15),  plane 
self-sustained  detonations  of  C3H3  ♦  5  O2  mixture 
(Pn  =  i  Par*  Tq  =  293  ±  3°K)  in  circular  tubes 
(14  *  djjm  *  52)  have  been  investigated  in  such 
conditions  that  the  velocity  keeps  constant  value 
EL  over  a  distance  X  >  10  m.  It  was  than  eviden¬ 
ced  that  the  amplitude  of  the  linear  variation 
of  Dp  with  d”l  depends  on  the  internal  surface 
rouginess  and  nature  of  the  tubes  (cf .  fig.  3, 
curve  P).  More  precisely  the  stainless  steel  tu¬ 
bes  involve  a  value  of  np  =  |3D/3(d“1)|  which  is 
smaller  than  that  involved  by  ordinary  steel  tu¬ 
bes  which  are  rougher  (15).  However,  the  value  of 
EL*,  deduced  from  the  first  serie  of  tubes  does 
not  differ  significantly  from  that  deduced  fran 


the  second.  In  that  respect  it  is  worth  noticing 
that  the  investigation  (16)  of  plane  steady 


27 


et  al. 


Brochet, 


self-sustained  detonations  of  various  mixtures  in 
rectangular  tubes  (length  15  m,  cross  section 
10  x  23,  22  x  48,  34  x  72  mn2)  has  shown  that 
still  varies  linearly  with  d“l  but  that  is 
sigiificantly  higher  (about  1%  in  the  case  of 
C3H8  ♦  5  02  mixture  at  0.3  S  PQ  *  0.5  ha r)  than 
that  found  in  circular  tubes*. 


It  is  also  interesting  to  emphasize  that  the 
Dp*,  values  generally  are  higher  (0.5  to  1%  in  va¬ 
rious  mixtures  including  C3H8  +  5  O2, 

0.5  ^  p0  ^  3  bars  and  293  *  T0  «  430°K  (14)  (15) 
than  the  corresponding  values  of  Dth  calculated 
a  priori  fran  the  Chapman- J ouguet  theory. 


2.3.2.  Cylindrical  detonations. 

In  a  previous  investigation  (17)  of  the  cylin¬ 
drical  divergent  detonations  of  C-jHq  +  x  O2  +  ZNj 
mixtures  (pQ  =  1  bar,  T0  =  293  *  2°K)  in  cylindri¬ 
cal  sectors  (2  *  h^  *  14,  a  =  60°,  lucite  walls), 
the  velocity  has  been  measured  within  0.2J  by  means 
of  ionization  probes  and  chronographs .  When 
15°  *  Xnm  $  the  velocity  appears  to  keep  a 
constant  value  Dc  and  in  spite  of  a  non-linear 
variation  of  Dc  versus  d”l,  a  conventional  value  Dc« 
has  been  defined,  which  exceeds  the  corresponding 
Dp.  by  1  to  1.5%  • 

But  new  experiments  achieved  in  the  same 
mixtures  4.5  *  x  3  5.5  and  Z  =  0  with  h  =  25  irm 
have  shown  that  Dc(d“l)  goes  through  a  maximum, 
and  consequently  the  previously  extrapolation 
mode  leading  to  a  convent  ionnal  Dc«  value  must 
be  reconsidered  (cf.  fig.  3»  curve  C). 


2.3.3.  Spherical  detonations. 

The  detailed  investigations  (18)  (19)  of  the 
spherical  divergent  detonations  of  various  mixtu¬ 
res  (C^Ha  or  H2  or  CpHjj  or  CJi?  with  Op  ; 

Tq  =  293*  3°K,  0.1  $  p0  *  2.8  bar)  in  1  m  in  dia¬ 
meter  steel  container,  have  shown  that  in  C3H8  ♦ 

5  02  mixture,  when  X  >  100  irm,  the  detonation 
velocity,  measured  within  0.4%  by  the  Doppler 
technique,  keeps  a  constant  value  which  may  be 
considered  as  Ds„  (cf.  fig.  3,  curve  S). 


2.3.4.  Remarks. 

i)  In  the  range  of  initial  pressure  investi¬ 
gated  the  Dsoo  values  are  generally  smaller  than 
the  corresponding  values.  For  example  in 
CxHg  +  5  02  mixture,  pQ  =  1  bar  and  T0  =  293°K, 
tnis  difference  is  about  1%. 

ii)  One  of  us  (J.B.)  has  noticed  that  the  va¬ 
lue  of  Dgoo  and  the  curve  Dc(d“i)  may  lead  (cf. 
fig.  3)  to  think  that  Dc*  =  D^.  and  that  ^(d"1) 
ceases  to  be  linear  for  large  values  of  d.  The 
results  of  the  first  experiments,  performed  with 
C3H3  +  5  Op  +  ZN2  mixtures  (0.1  <  p0  <  1.7  bar, 

Tq  =  293°K)  in  107  ran  in  diameter  steel  tubes 
11  m  long,  seem  to  support  this  assumption. 

3  -  DISCUSSION  AND  CONCLUSIONS 

The  results  which  are  sunmarized  in  fig.  1, 

*  -  The  np  value  corresponding  to  the  brass  rec¬ 
tangular  tubes  is  smaller  than  those  observed  in 
the  case  of  stainless  steel  and  steel  circular 
tubes. 


2,  3,  together  with  a  few  others  which  have  been 
quoted  above,  lead  to  the  following  conclusions  : 


1)  in  condensed  explosives 

-  Dp^,  Dgoo,  DSoo  may  be  defined  without  any 
anmguity, 

-  DCoo  equals  Du.  within  experimental  error, 

-  DSoo  exceeds  Dp*  in  the  case  of  a  solid 
explosive,  equals  Dp.  in  the  case  of  a 
liquid  explosive. 

2)  in  gaseous  explosives 

-  only  Dsoo  may  be  defined  unambiguously. 


The  first  point  is  not  really  surprising  in  so 
far  as  the  products  of  a  spherical  divergent  deto¬ 
nation  are  self-confined  whereas  the  confinement 
induces  a  lateral  expansion  wave  in  the  products 
of  a  plane  or  divergent  cylindrical  detonation, 
and  thus  modifies  the  amount  of  chemical  energy 
which  is  deposited  in  the  flow  and  therefore  the 
velocity  of  propagation  (20)  (21). 


The  interpretation  of  the  second  point  is  so¬ 
mewhat  less  obvious.  However,  one  may  notice  that 
the  range  of  detonability  of  a  mixture  (defined 
as  a  domain  of  the  initial-parameters  space)  varies 
with  the  kind  of  the  wave  :  it  is  narrower  for  a 
spherical  wave  than  it  is  for  a  plane  wave,  and, 
in  the  latter  case,  it  seems  to  be  influenced  by 
the  nature  of  the  walls.  These  facts,  as  those 
discussed  previously  in  connection  with  the  intrin¬ 
sic  instability  of  plane  (1)  and  cylindrical  (17) 
detonations,  suggest  that  the  wadis  do  act  in  fa¬ 
vour  of  a  steady  velocity.  This  stabilization  effect 
of  the  walls  on  the  wave  does  not  contradict  their 
well-known  contribution  to  the  decrease  of  D  with 
decreasing  d.  The  latter  is  all  the  more  important 
as  d  is  smaller  ;  on  the  contrary,  the  former  is 
appreciable  only  when  d  becomes  large  enough. 


The  available  experimental  results  do  not  al¬ 
low  a  more  precise  analysis  of  these  phenomena.  Ne¬ 
vertheless,  when  reminding  the  main  features  of 
the  flow  behind  a  plane  detonation  wave  in  a  ex¬ 
plosive  and  trying  to  conceive  what  can  be  the 
flow  field  in  similar  charges  of  gaseous  explosi¬ 
ves,  it  appears  that  : 

i)  among  all  the  detonation  parameters,  we  are  able 
to  day  to  measure  with  accuracy,  only  the  velocity 
Dg*  of  the  spherical  detonation  wave  seems  to  cha¬ 
racterize  the  detonation  process  by  itself,  the 
detonation  products  being  self-confined  in  respect 
of  the  quasi  perfect  syirmetry  of  the  flow  field  ; 

ii)  contrary  to  the  Chapman- Jouguet  theory,  the 
detonation  velocity  does  depend,  in  higher  order 
approximation,  on  the  rear  flow  of  the  detonation 
products . 
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DIVERGENT  SPHERICAL  DETONATION  WAVES 
IN  A  SOLID  EXPLOSIVE 


R.  CHE RET,  G.  VERDES 
Commissariat  &  l’Energie  Atomique 
FRANCE 


An  initiation  device  has  been  achieved  which  induces  a  divergent 
spherical  detonation  wave  in  a  composition  B  ;  the  relative 
space  defect  does  not  exceed  0,3  %  as  soon  as  the  wave  radius  X 
is  beyond  75  mm.  The  detonation  velocity  is  measured  from 
X  =  15  unto  X  =  140  mm  ;  it  starts  from  values  less  than  the 
infinite  diameter”  velocity  D*k>,  increases  up  to  values  higher 
than  D  *o ,  decreases  and  finally  keeps  a  constant  value  which  signifi¬ 
cantly  exceeds  D<*>.  Moreover,  up  to  X  =  100  mm,  the  material 
velocity  field  is  graphically  deduced  from  the  every  250  ns 
radiographic  record  of  thin  gold  foils  carried  along  by  the  deto¬ 
nation  products  ;  it  differs  significantly  from  that  of  Taylor’s 
self  similar  flow  in  the  vicinity  of  the  wave  front.  Through 
theoretical  considerations,  the  C.-J.  mechanical  characteristics 
are  directly  deduced  from  the  flow  field  measurements.  These 
experimental”  values  agree  reasonably  well  vith  the  "usual 
B.K.W.  calculated”  ones. 


INTRODUCTION 


When  the  detonation  phenomenon -a 
mechanical  regime  associated  with  the 
release  of  chemical energy  that  propagates 
through  the  medium  at  a  speed  of  few 
mm//Hs  -  was  first  observed  by  Berthelot 
and  Vieille,  it  appeared  to  have  a  remar¬ 
kably  constant  velocity.  However,  later 
Jouguet  put  forward  the  hypothesis  that, 
under  some  special  circumstances,  the 
propagation  velocity  of  this  wave  may 
not  be  as  uniform  as  it  was  believed  to 
be  by  the  early  investigation.  Since 
then  experimental  studies  of  non-steady 
detonation  waves  received  a  good  deal  of 
attention  and  numerous  observations  of 
such  phenomena  have  been  reported  with 
reference  to  a  variety  of  reactive  mix¬ 
tures,  various  containers,  and  various 
initiation  devices.  In  our  opinion,  it 
is  of  prime  importance  to  make  a  clear 
distinction  between  those  experiments 
where  the  "walls”  have  a  definite 
influence  upon  the  generation  and  propa¬ 
gation  of  the  explosion  (the  so-called 
plane  waves  as  well  as  the  so-called 
cylindrical  waves)  and  those  where  such 
effects  are  of  lesser  significance  (the 
so-called  spherical  waves). 


The  above  distinction  is  of  parti¬ 
cular  significance  to  further  progress 
of  our  knowledge  in  this  field  since  to¬ 
day  we  are  confronted  with  a  choice  bet¬ 
ween  the  well  proven  measuring  tech¬ 
niques  in  the  former  case,  when  the 
quantitative  results  are  strongly  depen¬ 
dent  on  "wall”  effects  which  are  yet  too 
little  knowito  be  theoretically  taken 
into  account,  and  the  latter  case  which 
is  still  associated  with  great  diffi¬ 
culties  as  far  as  experimental  tech¬ 
niques  are  concerned,  but  whose  results 
can  be  checked  more  readily  with  ad¬ 
vanced  theories. 

Although  conceptually  spherical  deto¬ 
nations  are  quite  simple,  they  pose  great 
difficulties  as  for  a  proper  generation. 
From  that  point  of  view,  to  say  the  least 
of  it,  convergent  waves  must  be  disso¬ 
ciated  from  the  divergent  ones. 

In  the  latter  case, as  far  as  we  know, 
the  available  results  only  deal  with 
detonation  velocity  measurements  in  ga¬ 
seous  explosives.  Therefore  divergent 
spherical  detonations  in  solid  explo¬ 
sives  are  doubly  interesting  in  so  far 
as  (i)  velocity  measurements  yield  a 
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basis  of  comparison  (1)  between  solid  and 
gaseous  explosives  (ii)  the  X-ray  measu¬ 
red  flow  field  can  be  checked  in  a  consis¬ 
tent  manner  with  theory. 

All  the  here-reported-experiments 
have  been  performed  with  some  composition 
B  whose  detonation  velocity  m/s  in 
’’infinite  diameter  cartridges”  varies 
with  the  initial  density  ^  g/cm3  accor¬ 
ding  to  the  law  :  D«^=  cl95  +  3165 
(ft  -  1,720).  The  density  of  every  explo¬ 
sive  piece  is  known  within  1  mg/cm3  ;  the 
overall  mean  density  of  the  explosive 
structures  is  1,720  g/cm3  ;  any  quantity 
which  refers  to  the  mean  density  will  be 
underlined  and  called  nominal. 

INITIATION  DEVICE. 

The  difficulties  associated  with 
experimental  studies  of  spherical  deto¬ 
nations  are  well  known  ;  they  can  be 
summarized  as  follows  : 

1)  the  necessity  of  initiating  the  pro¬ 
cess  without  disturbing  the  unifor¬ 
mity  of  the  initial  state  nor  the 
spherical  symmetry  by  means  of  a  sui¬ 
table  device  that  would  deposit  a 
sufficient  and  reproducible  amount  of 
energy  in  the  explosive  medium, 

2)  the  requirement  for  so  large  a  sphere 
that  an  observable  part  of  the  travel 
of  the  detonation  wave  would  take  place 
in  an  unperturbed  medium. 

According  to  these  remarks,  the  following 
process  has  been  chosen. 

One  casts  two  identical  hemispheres  ; 
on  the  plane  surface  of  each,  one  mills 
two  diametrally  opposite  hemi -cylindrical 
cavities  whose  diameter  is  10  mm  and 
whose  bottom  lies  4,5  mm  from  the  center 
(figure  l).  By  proper  assemblage  of  these 
hemispheres,  one  gets  a  round  ball  with 
two  cylindrical  cavities  in  each  of  which 
a  detonator  may  be  introduced.  Thus  the 
initiation  area  consists  of  two  diame¬ 
trally  opposite  circles  whose  commun  axis 
will  be  called  the  axis  of  initiation. 


Fig.l.  Explosive  structure  for  detonation 
velocity  measurements  and  sphericity 
analysis . 


Let  (IT)  be  the  diametral  plane  of 
the  sphere  which  is  perpendicular  to 
the  axis  of  initiation.  The  emergence 
of  the  detonation  from  the  free  surface 
of  the  explosive  has  been  observed  in 
plane  (IT)  with  a  streak  camera.  A  per¬ 
fect  sphericity  of  the  wave  would  imply 
a  straight  line  on  the  film  ;  in  other 
words  the  sphericity  defect  is  measured 
by  the  largest  difference  along  the 
time  axis.  For  spheres  75  mm  in  radius, 
the  mean  time  defect  has  been  found  to 
be  30  ns,  with  which  corresponds  a 
space  defect  of  0,25  mm,  i.e.  a  relative 
space  defect  of  0,5  %•  The  same  value 
was  found  for  greater  spheres,  100  and 
150  mm  in  radius.  As  0,5  %  is  the  order 
of  magnitude  of  what  should  be  expected 
from  the  manufacturing  and  assembling 
allowances  of  such  a  material,  one  could 
not  reasonably  hope  a  better  result. 
Figure  2  shows  a  typical  streak  camera 
record . 


150  mm 

4 - - *- 


Fig. 2.  Sphericity  analysis.  Typical 
streak  camera  record. 


DETONATION  VELOCITY  MEASUREMENTS. 

The  velocity  of  the  thus  initiated 
spherical  divergent  detonation  has  been 
measured  by  means  of  an  ”air-chambers- 
probe” .  Such  a  probe  (figure  5) 
consists  of  a  hollow  lucite  cylinder 
(6  mm  in  external  diameter,  4  mm  in 
internal  diameter)  in  which  are  inserted 
small  cylindrical  sticks  of  polished 
lucite  (4  mm  in  diameter,  10  or  15 
+  0,01  mm  in  length)  separated  from  one 
another  by  piano-string-rings  (0,1  mm 
thick)  which  define  minute  air-chambers. 
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Fig. 3.  Air-chambers-probe . 

The  probe  is  introduced  in  a  6  mm  dia¬ 
meter  cylindrical  cavity  bored  along  a 
ray  of  plane  (if)  down  to  7,5  mm  from 
the  center.  When  the  detonation  wave 
reaches  a  chamber,  the  enclosed  air  is 
lighted  up.  These  flashes  are  recorded 
on  the  film  of  a  streak  camera  provided 
the  axis  of  the  probe  coincides  with  the 
optical  axis  of  the  camera.  A  typical 
streak  camera  record  is  shown  in 
figure  4  ;  it  is  worth  noticing  that  the 
sphericity  of  the  wave  may  be  checked 
at  each  shot. 


Fig. 4.  Detonation  velocity  measurements 
Typical  streak  camera  record. 


As  results  from  the  above-mentioned 
mensurations  of  the  lucite  sticks,  the 
space  resolution  is  10-3.  One  has  mana¬ 
ged  to  get  the  same  order  of  magnitude 
as  for  the  time  resolution  by  : 

-  choosing  a  high  rotation  speed  of  the 
mirror  (v*  4000  t/s),  so  that  the 
interval  between  two  luminous  tracks 
might  be  measured  with  a  precision 

of  3.10-4, 

-  measuring  the  half-period  T  of  rotation 
of  the  mirror  during  which  the  deto¬ 
nation  takes  place  so  that  Av/v  ^4.  to'4 

Moreover,  one  has  systematically  mea¬ 
sured  the  intervals  in  the  middle  part 
of  the  film  in  order  to  get  free  of  the 
variation  of  the  inscription  speed 
along  ’’the  time-axis”  of  the  film. 
Consequently,  it  can  be  asserted  that, 
in  each  interval,  the  mean  detonation 
velocity  D  is  measured  with  an  experi¬ 
mental  error  less  than  14  m/s. 

The  difference  between  1,720  g/cnP 
and  the  density  of  the  sphere  where  D 
is  measured,  is  then  taken  into  account 
according  to  the  above  mentioned  rate 
of  variation  of  Doowithyg  .  The  nominal 
values  D  of  D  are  given  in  table  1  and 
plotted  on  figure  5  as  a  function  of 
the  mean  radius  X  of  the  interval.  When 
remembering  that  D =  6  193  m/s,  one 
easily  realises  that  D  (X)  starts  from 
values  lower  than  D ,  increases  up  to 
values  higher  than  ,  then  decreases 
and  finally  keeps  a  constant  value  Pit 
which  is  significantly  higher  than 
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TABLE  1 

Ten  values  of  the  nominal  spherical  divergent  detonation  velocity  DjX) 


X  =  110  mm 

Xr120mm 

X=130  mm 

=140  mm 

d  =  50  m  m 

Po 

D 

D 

D 

D 

D 

Po 

1.727 

8  257 

8  255 

8  256 

8  219 

1,727 

1.727 

8240 

8252 

8  197 

1.727 

1.728 

8  276 

8  273 

8248 

8  245 

8  207 

1,728 

1.728 

8  246 

8  226 

8  263 

8  229 

1,728 

Average 

1,7275 

8  261 

8  252 

8  251 

8  251 

8  213 

1.7275 

Average 

TABLE  2 

Comparison  of  D(X^IIOmm)  and  D(d  =  50mm)  for  1, 727  1,728  g/cm^ 


This  last  result  now  raises  a  ques¬ 
tion  :  is  greater  than  D  —  for  any- 
given  density  ft  ?  According  to  table  2, 
in  which  the  u  (X^  110  mm)  measurements 
are  compared  with  steady  detonation 
velocity  measurements  in  d  =  50  mm  - 
cartridges  with  adjusted  density,  it 
seems  that  the  answer  may  reasonably  be 
considered  as  positive. 

FLOW  FIELD  MEASUREMENTS. 

Principles . 

The  experimental  technique  is  that 
previously  used  in  the  study  of  the 
flow  behind  the  detonation  front  in  a 
cylindrical  charge  (2)  (3).  It  consists 
in  materializing  parallel  planes  in 
the  explosive  ball  by  0,01  mm  thick 
rectangular  gold  foils  whose  centers 
are  lined  up  along  a  ray.  As  soon  as 
reached  by  the  wave,  the  foils  are 
carried  along  by  the  detonation  pro¬ 
ducts.  The  radiographic  record  of 
their  successive  positions  yield  the 
movement  of  material  surfaces  behind 


the  wave . 

Such  experiments  are  rather  dif¬ 
ficult.  The  generator  need  be  strong 
enough  for  the  beam  not  to  be  comple¬ 
tely  absorbed.  As  for  the  X  ray  tube, 
it  need  have  an  emissive  focus  small 
enough  for  the  displacement  measure¬ 
ments  to  remain  meaningful  in  spite 
of  the  geometric  fuzz .  At  last,  the 
release  jitter  must  be  very  short, 
since  otherwise  shots  should  be  nu¬ 
merous  in  order  to  make  up  for  their 
irregular  timing. 

Experiments . 

A  2,5  MV  Francitron  generator  is 
used  together  with  a  C  G  R  reflexion 
tube  :  the  flash  duration  is  50  ns, 
the  emissive  focus  diameter  is  4  mm, 
the  release  jitter  is  50  ns. 

The  initiation  device  is  that 
described  above  and  an  idea  of  the 
explosive  structure  is  given  by 
figure  6.  Because  of  the  manufacturing 
and  assembling  constraints,  the 
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interval  between  foils  is  10  mm  ;  the 
first  lies  20  mm,  the  last  90  mm  from 
the  center.  The  side  of  the  foils 
which  is  meant  to  be  perpendicular  to 
the  beam  is  50  mm  large  ;  the  dimension 
of  the  other  side  is  chosen  so  as  to 
be  approximately  one  half  of  the 
penetrated  explosive.  Moreover,  in 
order  to  avoid  useless  absorption 
of  the  beam,  the  diameter  of  the 
spheres  is  150  mm  when  studying 


the  early  phasis  of  the  detonation 
( ci  9yus),  200  mm  afterwards. 

The  time  elapsed  between  the 
initiation  time  tG  and  the  recording 
time  ti  (  i  =  1,  2,  . . . )  is  measured 
according  to  the  experimental  arrange¬ 
ment  shown  in  figure  7.  Times  t^ 
are  chosen  so  that  t^  -  tQ  =  2,40/us 
and  t*  +  1  -  t4  *  250  ns.  ' 

Figures  8  and  Q  reproduce  two  of  these 
radiographic  records. 


FILM 


Fig. 6  -  Explosive  structure  for  flow  field  measurements. 

GOLD  FOILED  SPHERE 
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Fig. 7  -  Experimental  arrangement  for  flow  field  measurements 
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Fig. 8  -  Dynamic  radiograph  at  =  t0  +8,65  /us. 
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Results . 


Fig. 10  -  Movement  of  the  gold  foils  -  (R,  t)  diagram. 


The  ith  record  yields  the  position 
Xi  of  the  detonation  front  and  the  posi¬ 
tion  Ri  of  the  center  of  every  foil  whose 
initial  abscissa  R0  is  less  than  Xi .  Thus, 
from  time  measurements  and  X-ray  pictures, 
one  is  able  to  construct  the  path  of  the 
center  of  a  foil.  Figure  10,  where  these 
results  have  been  summarized  shows  plau¬ 
sibly  if  not  certainly,  that  the  material 
velocity  u  never  goes  negative. 

LetTT(X)  be  the  time  when  the  wave 
front  reaches  radius  X.  With  a  view  to 
studying  the  flow  in  the  vicinity  of  the 
wave  front,  the  arches  RL*o .  wo  < 
are  represented  in  the  form  K-. 

The  values  of  a  (R0),  b  (R0),  c  (R0), 
d  (R0)  are  numerically  deduced  from  the 
curves  of  figure  10,  and  given  beneath  : 


R  mm 
o 

20 

30 

40 

50 

60 

70 

a 

0,0  97 

0,17 

0,14 

0,14 

0,16 

0,13 

b 

1,20 

2,36 

2,33 

2,75 

3,46 

3,09 

c 

3,78 

8,52 

9,99 

14,08 

19,30 

19,61 

d 

13,89 

1 1,94 

13,57 

4,95 

-9,31 

-10,7 

Let  z  be  an  Eulerian  coordinate  defi¬ 
ned  as  the  positive  distance  to  the  wave 
front.  The  flow  field  at't'(X)  may  be  para¬ 
metrically  defined  by  the  equations  : 

[  z  =  X  -  RC*.  ,  tr(X)] 

The  u(z,X)  and  u(^/)^C Curves-  X  =  55,75  mm. 
are  respectively  given  on  figures  11  a 
and  11  b.  The  latter  shows  that  the  mate¬ 
rial  velocity  field  differs  significantly 
from  that  of  Taylor* s  self  similar  model 
(4)  in  the  vicinity  of  the  wave  front. 


FIG.11. a  MATERIAL  VELOCITY  FIELD  u  (  z  ,x )  DIAGRAM 


FIG  11  b. MATERIAL  VELOCITY  FIELD  ,  u(  z/X,X)  DIAGRAM 
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THEORETICAL  CONSIDERATIONS. 
Theorical  approximation  of  u  (z,  X), 


Let  us  have  the  following  notations 
specific  heat  at  constant  volume 
specific  heat  at  constant  pressure 
specific  heats  ratio 
coefficient  of  heat  conduction 
longitudinal  Prandtl  number 
v  =  f massic  volume 
p  pressure 


Cv 

Cp 

% 

oo 


a 

v 


first  derivative 


of  p  versus  v 
along  a  chemi¬ 
cal  equilibrium 
isentrope  of  the 
detonation  pro- 

L  second  derivative  Iducts. 

t  the  subscripts  o  and  *■  characterize 
respectively  the  initial  state  of  the 
explosive  and  the  C.-J.  state  of  the 
detonation  products.  Let  the  number  ^3* 
and  the  length  ^  be  defined  by 

*  A.  p#  dtp  * 

It  may  be  deduced  from  the  theorical 
results  given  in  references  (5)  and  (6) 
that,  in  the  vicinity  of  u  ,  the  function 

-XjfcJ]  (1) 

is  an  approximation  of  u  (z,X  ). 


Interpretation  of  the  experimental  results 


Let  £  be  defined  as  the  difference 
(D*/u*)-l.  From  the  numerical  study  of 
the  detonation  products  of  a  condensed 
explosive,  it  is  well  known  that  a  very 
good  approximation  of  {5#  is  obtained  by 
assuming  that  the  C.-J.  isentrope  oscu¬ 
lates  the  (f/r*)(v/'r*F  =  1  curve.  Owing  to 
this  remark,  it  is  easily  shown  that 
/3*=  r0/(r,+±)  which  enables  to  write  equa¬ 
tion  (1)  in  the  form 

A'[i*(4-%)L  ]  (2) 

The  quantities  u^  and  1M  ,  when  consi¬ 
dered  as  parameters,  may  be  sought  for  so 
as  to  best  represent  the  experimental 
curves  u  (z,  X)X=55*58,65,68,75* When  assi¬ 
gning  to  the  value  P_5>  ,  one  is  led  to 
the  following  values  : 

u^.  =  2,04  mm//us. 

1*  =  3  mm. 

This  value  of  u„  agrees  reasonably  with 
the  ’’usual  B.K7WT  calculated"  C.-J.  value 
2,12  mm//us  (by  usual,  one  means  that  the 
calculations  are  performed  with  para¬ 
meters  0  and  *  adjusted  so  that  the  calcu¬ 
lated  C.-J.  velocity  equals  the  measured 
value  D  oO  =  8  193  m/s). 


CONCLUSIONS. 

In  view  of  a  possible  generalization 
to  other  solid  explosives,  three  among 
the  above-reported-results  seem  worth 
being  enhanced  : 

1)  the  spherical  divergent  detonation 
velocity  tends  towards  a  limit  which 
is  significantly  higher  than  that 
which  is  reached  in  a  large  diameter 
cartridge  ; 

2)  the  material  velocity  field  differs 
significantly  from  Taylor’s  self¬ 
similar  flow  in  the  vicinity  of  the 
wave  front} 

3)  the  theoretical  considerations  based 
upon  the  internal  and  external  struc¬ 
tures  of  zeroth  order  of  the  deto¬ 
nation  wave  give  a  direct  way  of 
determining  the  C.-J.  mechanical 
characteristics  from  material  velo¬ 
city  measurements. 
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A  derivation  of  the  detonation  equations  that  includes  the  ambient  charge  pressure 
is  given,  based  on  the  Gruneisen  state  equation.  The  solution  of  these  equations 
indicates  that  for  relatively  small  ambient  charge  pressures,  the  detonation 
properties  (e.g.,  detonation  velocity)  are  essentially  the  same  as  if  the  explosive 
were  merely  initially  at  the  charge  density  produced  by  the  pressure.  As  the 
ambient  charge  pressure  is  increased  sufficiently,  however,  the  detonation  velocity 
and  pressure  decrease  from  the  values  expected  on  the  basis  of  charge  density  only. 
Experimental  studies  of  the  effects  of  ambient  hydrostatic  pressure  on  the  ue  onation 
velocity  of  nitromethane ,  Composition  C-3  and  HEX  explosives  are  described. 
Hydrostatic  pressures  up  to  .90,000  psi  for  nitromethane,  and  60,000  psi  for  the 
solid  explosives  were  employed.  Charge  densities  were  obtained  from  charge 
pressures  using  the  Tait  equation.  The  resulting  detonation  velocity  vs  charge 
density  correlations  for  the  various  explosives  were  linear,  indicating  that  the  only 
apparent  influence  of  charge  pressure  in  this  pressure  range  was  in  increasing 
charge  density. 


INTRODUCTION 


The  experimental  detonation  velocity  of  a 
solid  explosive  charge  at  atmospheric  pressure 
usually  increases  linearly  with  increase  in  the 
loading  density  of  the  charge,  up  to  the  crystal 
density  of  the  explosive.  A  study  with  liquid 
nitromethane  in  which  the  density  was  varied 
over  a  relatively  small  range  by  means  of  the 
ambient  temperature  also  showed  a  linear 
relationship  (1).  The  static  pre -pressurization 
of  an  explosive  prior  to  its  detonation  would 
increase  the  charge  density  above  the  crystal 
density  of  the  explosive,  and  simultaneously 
store  compressional  (pressure-volume)  energy  in 
the  explosive.  If  the  pre -pressurization  were 
conducted  dynamically  there  would  in  addition  be 
thermal  energy  imparted  to  the  explosive,  and 
possibly  also  kinetic  (mass  flow)  energy, 
depending  on  the  manner  in  which  the  explosive 
was  dynamically  precompressed. 

The  effects  of  ambient  pressure  on  the 
detonation  properties  of  a  condensed  explosive 
charge  are  of  interest  for  a  variety  of  reasons. 
However,  ambient  pressure  is  not  ordinarily 
included  as  a  parameter  in  the  hydrodynamic- 
thermodynamic  equations  that  are  used  to 
describe  the  detonation  properties. 


In  this  paper  a  derivation  of  the  detonation 
equations  that  includes  the  ambient  pressure  is 
first  presented,  based  on  the  Gruneisen  state 
equation.  The  equations  are  then  solved  in 
order  to  elucidate  the  general  effects  of  the  pre¬ 
pressurization  of  an  explosive  on  its  detonation 
properties.  A  comprehensive  experimental 
investigation  of  the  effects  of  hydrostatic  pres¬ 
sure  upon  the  detonation  velocity  of  nitromethane 
and  two  solid  explosives  is  then  described,  and 
the  results  discussed  in  terms  of  the  derived 
theory . 

DERIVATION  OF  EQUATIONS 
State  Equation 

The  Mie-Gruneisen  equation  for  solids  is 
used  to  describe  the  state  properties  of  the 
detonation  products,  since  at  high  densities  all 
molecular  degrees  of  freedom  become  vibrational 
in  nature.  Early  studies  by  Jones  (2)  indicated 
that  this  equation  may  give  a  valid  description 
of  the  state  properties  of  detonation  gases  at 
high  densities,  and  studies  in  several  labora¬ 
tories  over  the  past  few  years  have  demonstrated 
this  approach  to  be  valid.  The  Mie-Gruneisen 
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equation  is  given  by 

P  =  GEtA-dU/dV  (1) 

P,  V,  Et  are  pressure,  molar  volume  and  internal 
thermal  energy  of  the  detonation  products,  and  G 
is  the  Gruneisen  parameter.  The  potential 
energy  U  between  the  various  vibrating  mole¬ 
cular  species  is  assumed  to  be  given  by  the 
Morse  potential,  i.e., 

U  =  De exp  [-2a(R-Rj]- 

(2) 

2  De  exp  [-a(R-Re)l 


pressure,  and  normal  room  temperature  (293°K). 
Then  (E*  -  E*)  =  Q,  where  Q  is  the  normal  (con¬ 
ventional)  heat  of  detonation.  The  total  internal 
energy  Ei  is  the  sum  of  the  thermal  energy  and 
the  molecular  interaction  potential  energy,  i.e. , 

Ei  =  CVT  +  U  (8) 

Cv  is  the  constant -volume  heat  capacity  at  T. 
Note  that  Eqs.  (4)  and  (8)  satisfy  the  require¬ 
ment  for  thermodynamic  consistency,  i.e., 

=  t2  a  (P/TJV  (9) 

lsv'T  a  T 


De  is  the  average  sublimation  (dissociation) 
energy  of  the  gaseous  products  at  0°K,  a  is  the 
Morse  potential  parameter,  Re  is  the  average 
internuclear  distance  between  the  gaseous 
detonation  products  at  the  minimum  in  the 
potential  energy,  and  R  is  the  average  inter¬ 
nuclear  distance  between  the  gaseous  detonation 
products  at  any  molar  volume  V,  where 

R  =  (V/NC)4  (3) 

N  is  Avogadro's  number,  C  is  the  lattice  constant, 
and  V  =  M/p,  where  M  is  the  average  molecular 
weight  of  the  gaseous  detonation  products  and  p 
is  the  density  of  the  gaseous  products.  Combin¬ 
ing  Eqs.  (1)  and  (2)  ,  and  replacing  Et  by  3RgT, 
where  T  is  absolute  temperature  and  Rg  is  the 
gas  constant,  gives  the  state  equation  for  the 
detonation  products 


P=3GpM  ^gT-Kp^EU-E) 

(4) 

K  =  2Dea  k/M^;  k  =[3(NC)^]-1 

(5a) 

E  =  exp  [-a(R-Re)3 

(5  b) 

Gruneisen  Parameter 

The  expression  used  for  G  was  obtained  by 
using  Eq.  (2)  with  the  Dugdale-MacDonald 
theory  for  G  which  gives  (3) 

^  aR  r4E-l  l 

G"  6  L2E-1J 

(6) 

Rankine-Hugoniot  Equation 

The  Rankine-Hugoniot  (RH)  equation  is 
given  in  a  completely  general  form  by  (4) 

Ej-E0  =  (Ej-E*)-(E0-E*)-(E*-E*) 

=  (i)(P  +  P0)(P01-p"1) 

The  E's  are  internal  energies,  the  subscripts  j 
and  o  denote  the  Chapman-Jouguet  (CJ)  state 
and  the  initial  explosive  charge  conditions, 
respectively,  and  the  superscript  star  *  denotes 
a  chosen  standard  state  of  pressure  and  tempera¬ 
ture.  Choose  the  standard  state  to  be  1  atm 


Substituting  Eq.  (8)  into  Eq .  (7)  and  recall¬ 
ing  that  U*  =  0,  i.e.,  the  potential  energy  of  a 
low  density  gas  is  zero,  gives 

Cv  (T-293)  +  U-[Cv0(T0-293)  + 

(UQ-U*  i]  =  Q  +  *(P+PQ) 

°  °  (10) 

(p/  -  o'1) 

Cv  is  the  average  heat  capacity  between  T  and 
293°K .  Equation  (10)  is  valid  for  either  zero  or 
finite  initial  charge  pressure,  i.e.  ,  for  either 
normal  or  compressed  explosive  charges.  The 
terms  in  the  brackets  account  for  any  deviation 
of  the  initial  charge  conditions  (temperature  or 
pressure)  from  the  standard  state  conditions. 

For  the  detonation  of  a  charge  under  normal 
(i.e.,  standard  state)  conditions  the  value  of 
the  terms  in  the  brackets  is  zero.  If  the  explo¬ 
sive  is  compressed  dynamically,  e.g.,  shocked 
before  detonation,  it  will  be  both  compressed 
and  heated.  In  this  case  the  terms  in  the  brack¬ 
ets  are  equal  to  the  Hugoniot  energy  of  the  un¬ 
reacted  explosive  as  determined  from  the 
Hugoniot  curves,  i.e.  , 

Cvo(T0-293) +(U0-U*)  =AE0(Hug)  (11a) 

AE0(Hug)  =  |P0(p^1-  p”1)  =  JfuQ2  (lib) 

where  u  is  the  particle  (mass)  velocity  of  the 
unreacted  explosive,  and  the  subscripts  1  and  o 
indicates  the  initial  and  shocked  state,  res¬ 
pectively.  Thus,  the  shocked  state  of  the 
explosive  defines  the  initial  state  for  the  deton¬ 
ation  of  a  preshocked  (dynamically  precompress¬ 
ed)  explosive. 


Chapmen-Jouguet  Equation 


The  CJ  condition  is 
ap  -(p-p0)  ,dP. 

<av/(v0-v)  -W(Hug) 


(12) 
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The  subscript  indicates  constant  entropy,  and 
Hug  indicates  along  the  Hugoniot. 

Evaluating  Eq .  (12)  along  the  Hugoniot 
gives  the  CJ  equation,  i.e., 


— -  —  J” -]  _  p  _  ^CVE(1  -E)  _  CvakM  (l-2E)-i  ^  MPn  0o 
5  "  "  3Rg(4E-l)^"  3 Rg  G  pi  J  3RgGo(p-p0) 

4  G  E  ^  (5  pQ  -  2  p  ~  3RqG 

(4E  - 1)2  3  (p  -  pQ)  "  MCV 


MKE  (1  -E) 
+  iRgGoi 


(13) 


Velocity  Equations 

The  detonation  velocity,  D,  and  tne  parti¬ 
cle  (mass)  velocity,  W,  are  obtained  from  the 
usual  hydrodynamic  equations,  i.e., 


D  =  [■ 


(14) 


w  =  ^P-^)d  +  uo  (15) 

METHOD  OF  SOLUTION 


product  composition  of  water,  nitrogen  and  car¬ 
bon  monoxide.  The  values  used  for  De  and  a  in 
Eq.  (2)  for  the  various  detonation  products  were 
obtained  by  roughly  fitting  the  Gruneisen  equa¬ 
tion  with  Morse  potential  to  the  experimental 
shock  Hugoniot  data  of  the  detonation  products. 
The  appropriate  equations  are  given  in  Reference 
3.  Because  the  use  of  a  fixed  product  composit¬ 
ion  is  highly  approximate  (large  amounts  of  C02 
and  C  are  formed  at  high  charge  densities),  and 
the  Hugoniot  fits  were  only  rough,  the  results  of 
the  calculations  should  not  be  considered  to 
apply  in  detail  to  RDX,  but  rather  are  illustrative 
of  a  typical  condensed  explosive. 


The  detailed  solution  of  the  preceding  eq¬ 
uations  for  a  particular  explosive  requires  that 
the  detonation  product  composition  (e.g.  ,  H20, 
N2  ,  CO,  CO 2,  C,  etc.)  of  the  explosive  be 
known.  Tne  average  values  of  the  various  com¬ 
positional  parameters  used  in  the  above  equa¬ 
tions  (e.g.  ,  De /  a ,  M ,  Re ,  etc .)  can  then  be 
computed.  If  a  solid  such  as  free  carbon  is  pre¬ 
sent,  its  compressed  volume  must  be  subtracted 
from  the  totalvolume  to  obtain  the  effective  vol¬ 
ume  available  to  the  gaseous  products.  This 
complication  will  not  be  considered  here.  The 
exact  product  composition  is  determined  by  the 
various  temperature-dependent  chemical  equilib¬ 
ria  that  must  be  satisfied,  and  hence  the  product 
composition  is  also  a  variable  quantity  in  the 
solution  of  the  equations.  The  evaluation  of  the 
equilibrium  compositions  (at  various  charge  den¬ 
sities)  generally  require  electronic  high  speed 
computational  techniques,  due  to  the  time-con¬ 
suming  iterative  nature  of  the  solution. 

In  order  to  illustrate  the  general  nature  of 
the  solution  of  the  preceding  equations,  it  is 
not  necessary  to  include  the  effects  of  an  equi¬ 
librium  product  composition,  although  it  is 
clear  that  this  would  be  required  for  a  detailed 
calculation  of  a  specific  explosive.  For  the  pre¬ 
sent  purposes  the  computations  have  been  carri¬ 
ed  out  for  RDX  explosive  assuming  a  fixed  CJ 


Under  conditions  of  an  assumed  fixed  pro¬ 
duct  composition,  the  preceding  detonation 
equations  are  solved  for  a  specified  pQ  by  solv¬ 
ing  Eqs.  (4),  (6),  (10)  and  (13)  simultaneously 
to  obtain  the  values  of  P,  T,  p,  and  G.  The 
values  of  D  and  W  are  then  obtained  using  Eqs. 
(14)  and  (15) . 

COMPUTATIONAL  RESULTS 

The  equations  were  solved  with  an  elec¬ 
tronic  computer.  In  performing  the  calculations 
the  following  values  were  used  for  the  various 
parameters  in  the  equations:  M  =  24 . 67  gm/mole , 
pe  =  0.906gm/cc,  Q  =  1228cal/gm,  a  =  108 
cm”  ,  De  =  8940  cal/mole,  C  =  1,  and  Cv  = 
0.4cal/gm°K.  The  computed  results  are  summa¬ 
rized  in  Table  I,  and  the  detonation  velocity  be¬ 
havior  is  shown  in  detail  in  Figure  1 . 

The  top  solid  line  in  Figure  1  is  the  com¬ 
puted  detonation  velocity  as  a  function  of  charge 
density  for  the  explosive  charge,  assuming  no 
precompression  of  the  charge,  i.e.,  PQ  =  0. 

The  relationship  is  linear  as  is  usually  found 
experimentally.  The  broken  line  continuation  of 
the  solid  line  corresponds  to  an  extrapolation  of 
the  linear  curve  above  assumed  crystal  density 
(1.8gm/cc)  but  the  computed  solution  also 
gives  this  line  for  PQ  =  0. 
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FIGURE  1.  COMPUTED  DETONATION  VELOCITY  AS  A  FUNCTION  OF  CHARGE  DENSITY 
AND  CHARGE  PRESSURE  FOR  A  TYPICAL  LIQUID  AND  SOLID  EXPLOSIVE. 


The  solid  curve  at  charge  densities  greater 
than  crystal  density  corresponds  to  the  computed 
detonation  velocities  when  the  explosive  charge 
has  been  shock  compressed  to  various  densities 
greater  than  crystal  density  prior  to  its  detona¬ 
tion.  The  charge  therefore  has  finite  values  of 


PQ  at  the  different  densities.  The  curve  identi¬ 
fies  the  pressure  at  three  different  charge  den¬ 
sities.  These  values  were  obtained  from  the 
shock  Hugoniot  of  RDX  (5) .  However,  the  mass 
velocity  of  the  compressed  explosive  uQ,  in  Eqs 
(14)  and  (15)  was  taken  to  be  zero  in  the  com- 


TABLE  I.  COMPUTED  DETONATION  PROPERTIES  USING  THE  GRUNEISEN  EQUATION 


pQ  (gm/cc) 

P0  (kbar) 

d  (gm/cc) 

G 

P  (kbar) 

T  (K°) 

D  (m/sec) 

W  (m/sec) 

1.0 

0 

1.450 

1.231 

145 

5209 

6832 

2121 

1.2 

0 

1.704 

1.126 

188 

4820 

7282 

2155 

1.4 

0 

1.969 

1.048 

246 

4373 

7797 

2254 

1.6 

0 

2,242 

0.986 

318 

3851 

8327 

2384 

1.8 

0 

2.521 

0.936 

403 

3253 

8851 

2530 

2.0 

0 

2.804 

0.895 

502 

2585 

9357 

2684 

2.2 

0 

3.092 

0.859 

615 

1854 

9842 

2839 

2.4 

0 

3.383 

0.828 

740 

1068 

10300 

2994 

1.44 

20* 

1.987 

1.043 

253 

4471 

7685 

2100 

1.62 

44* 

2.190 

0.997 

313 

4415 

7998 

2083 

1.78 

74* 

2.371 

0.962 

374 

4367 

8235 

2042 

2.22 

65** 

3.024 

0.867 

593 

2248 

9457 

2514 

2.22 

-  65 

3.216 

0.845 

673 

1746 

10360 

3209 

2.27 

79** 

3.078 

0.861 

620 

2187 

9502 

2494 

2.55 

157** 

3.387 

0.828 

764 

1830 

9795 

2434 

2.55 

-157 

3.795 

0.792 

962 

697 

11550 

3805 

*Based  on  nitromethane  Hugoniot 

**RDX  Hugoniot 
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putations  in  order  to  illustrate  the  effect  of  a 
finite  value  of  PQ  on  the  detonation  velocity.  It 
is  apparent  that  compressing  an  explosive  to 
some  specified  charge  density  greater  than  crys¬ 
tal  density  prior  to  its  detonation  decreases  the 
detonation  velocity  below  that  which  would  be 
obtained  at  the  corresponding  charge  density  if 
the  charge  pressure  PQ  were  considered  to  be 
zero.  The  same  is  likewise  true  of  detonation 
pressure,  as  may  be  seen  from  Table  I,  but  the 
differences  are  less  pronounced. 

The  preceding  solution  for  PQ  =  0  was  also 
assumed  to  apply  to  a  typical  liquid  explosive. 
Assuming  liquid  density  to  be  1.13gm/cc,  the 
effect  of  finite  values  of  PQ  on  the  detonation 
velocity  was  computed  as  before,  and  is  shown 
by  the  lower  curve  above  the  liquid  density  point 
in  Figure  1.  The  values  of  PQ  at  various  charge 
densities  were  obtained  from  the  shock  Hugoniot 
of  nitromethane  (5).  As  before,  the  effect  of 
compressing  a  liquid  explosive  above  its  normal 
liquid  density  is  to  give  a  detonation  velocity 
that  is  lower  than  what  would  be  expected  at  the 
corresponding  charge  density  if  the  ambient 
charge  pressure  was  zero. 

Two  other  effects  of  interest  shown  by  the 
computations  in  Table  I  may  be  mentioned.  Sam¬ 
ple  calculations  were  performed  for  the  case  of 
a  precompressed  charge  having  a  negative  initial 
pressure.  This  would  correspond  to  a  tensile 
wave  following  a  precompression.  It  is  seen 
that  the  resulting  detonation  velocity  and  pres¬ 
sure  are  both  much  greater  than  the  density- 
extrapolation  values.  On  the  other  hand,  the 
temperature  is  much  lower  which  may  quench  the 
decomposition  reaction.  The  practical  signifi¬ 
cance  of  these  results  is  not  clear  since  a  nega¬ 
tive  (tensile)  pressure  would  tend  to  reduce  the 
loading  density  if  the  tensile  wave  were  to  be¬ 
come  uncoupled  from  the  detonation.  The  attain¬ 
ment  of  a  steady  detonation  wave  is  thus  doubt¬ 
ful.  Nevertheless  the  effects  may  be  related  to 
certain  nonsteady  phenomena,  and  the  concepts 
are  intriguing. 

EXPERIMENTAL  STUDIES 

An  experimental  investigation  of  the  effects 
of  ambient  hydrostatic  pressure  on  the  detona¬ 
tion  velocity  of  nitromethane  and  solid  HBX  and 
Composition  C-3  explosives  was  conducted  con¬ 
currently  with  the  preceding  theoretical  studies. 
Hydrostatic  pressures  up  to  90,000  psi  for  nitro¬ 
methane,  and  60,000  psi  for  the  solid  explosives 
were  employed.  This  investigation  required  the 
development  of  suitable  techniques  for  conduct¬ 
ing  the  studies,  since  studies  of  this  nature  had 
not  previously  been  reported.  Subsequent  to 


this  investigation,  a  study  of  the  effects  of  pres¬ 
sure  up  to  9000  psi  has  been  reported  for  nitro¬ 
methane  (6) . 

Experimental  Procedures,  Apparatus  and 

Monitoring  Instruments 

The  experiments  were  conducted  by  placing 
the  explosive  in  a  two  foot  long  section  of  pre¬ 
cision  steel  tubing,  pressurizing  the  explosive 
hydraulically,  and  then  initiating  it  to  detona¬ 
tion.  The  progress  of  the  detonation  was  moni¬ 
tored  by  appropriate  sensing  probes. 

For  most  measurements  stainless  steel  tub¬ 
ing  of  9/16"  OD  and  either  3/16"  or  5/16"  ID 
was  employed,  although  in  the  initial  measure¬ 
ments  SHELBY  tubing  of  0.569"  OD  and  0.325" 

ID  was  used.  The  tubes  were  sealed  at  one  end 
with  a  high  pressure  closure  fitting,  and  the 
high  pressure  fitting  at  the  other  end  was  con¬ 
nected  to  the  pressurization  unit  through  a 
capillary  tube.  The  pressurization  system  was  a 
two  stage  system  utilizing  a  compressed  air 
pump  capable  of  generating  hydrostatic  pressures 
up  to  5000  psi  and  an  intensifier  with  an  area 
ratio  of  24:1  to  generate  the  final  pressure.  The 
pressurizing  fluid  in  the  intensifier  unit  was 
composed  of  equal  parts  of  kerosine  and  motor 
oil.  A  rubber  separating  plug  was  used  to  pre¬ 
vent  the  mixing  of  the  pressurization  fluid  with 
the  explosive. 

The  explosive  charge  was  initiated  to  deton¬ 
ation  with  A4  DuPont  Deta  sheet  wrapped  on  the 
high  pressure  closure  fitting,  and  a  detonator  . 
This  system  provided  a  converging  shock  into 
the  explosive  in  the  tubing.  Detonation  velocity 
was  measured  by  means  of  electronic  pin  switch¬ 
es  monitored  by  a  rasteroscilloscope .  The  pin 
switches  were  2-56  machine  screws  sharpened  to 
a  point  and  supported  by  a  semi-flexible  plastic 
strip.  Each  strip  protruded  about  3/32"  and  was 
firmly  anchored  in  the  strip  by  a  2-56  nut.  The 
strips  varied  from  16"  to  22"  long  and  the  pin 
switches  were  about  1.75"  apart.  About  ten 
probes  were  used  in  each  case.  After  being  set 
in  the  plastic  strip,  a  reference  impression  of 
the  probe  locations  was  made  on  an  aluminum 
bar  and  measured. 

The  plastic  strip  holding  the  probes  was 
attached  to  the  stainless  tubing  with  RTV  sili¬ 
cone  compound  and  then  taped  to  insure  a  slight 
tension  against  the  tubing.  A  strip  of  1.5  mil 
mylar  magnetic  recording  tape  was  then  inserted 
between  the  switch  and  the  tubing.  A  slight  pull 
on  the  mylar  revealed  if  the  probe  was  in  firm 
contact  with  the  mylar.  Also,  electrical  con¬ 
duction  was  checked  between  the  tube  and  probe. 
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Therefore  all  the  probes  were  within  1.5  mil  of 
the  stainless  steel  tube  but  not  in  electrical  con¬ 
tact  with  it. 


The  value  of  8  for  nitromethane  is  apparent¬ 
ly  not  known,  and  was  estimated  theoretically 
by  two  different  thermodynamic  expressions 


When  a  switch  was  closed  by  firing,  a  sig¬ 
nal  was  sent  to  a  101  rasteroscilloscope  where  a 
vertical  deflection  was  produced  in  the  beam.  A 
time  resolution  of  ±  2  0  x  10-^  sec  was  possible. 
A  typical  total  transit  time  for  the  experiment 
was  approximately  50 u  sec. 

Experimental  Measurements  and  Results 

Experimental  measurements  were  made  on 
liquid  nitromethane,  and  HBX  and  Composition 
C-3  solid  explosive.  The  nitromethane  was  sen¬ 
sitized  by  the  addition  of  5%  benzylamine  by 
volume.  The  temperature  increase  of  the  nitro¬ 
methane  caused  by  pressurization  was  allowed 
to  equilibrate  with  the  ambient  temperature  be¬ 
fore  firing  the  charge,  and  the  ambient  temper¬ 
ature  noted. 


TV  a2  _  TV  a 
Cp-Cv  A  HV-RT 


(18) 


T  is  absolute  temperature,  V  is  volume,  a  is  co¬ 
efficient  of  thermal  expansion,  AHV  is  heat  of 
vaporization,  and  Cp  and  Cv  are  heat  capacity 
at  constant  pressure  and  constant  volume.  Using 
values  of  a  =  1.239  x  l(T3oK,  AHV  =  9100  cal/ 
mole,  Cp  =  0.415  cal/gm°K  and  Cv  =  0.242 
gives  values  of  of  5.76  x  10  ^  and  5.86  x 
10"^cm3/dyne  for  pure  nitromethane  at  90°F  by 
the  above  two  equations,  respectively,  which 
are  thus  in  excellent  agreement  with  each  other. 
These  values  include  corrections  for  the  benzy¬ 
lamine  impurity.  The  corrected  ambient  charge 
density  of  nitromethane  at  90°F  was  1.114  gm/ 
cc  (1) . 


Some  fluctuation  in  velocity  between  the 
various  probes  generally  occurred,  and  these 
fluctuations  can  result  from  a  variety  of  factors. 
An  analysis  of  the  data  indicated  these  fluctu¬ 
ations  were  reasonably  random  in  nature,  except 
in  some  cases  for  that  of  the  first  probe,  for 
which  the  data  was  usually  discarded.  This 
implied  that  the  system  was  in  a  steady  state, 
and  the  data  were  consequently  treated  by  means 
of  least  squares  analysis.  A  summary  of  the 
reduced  measurements  are  given  in  Table  II.  A 
plot  of  this  data  for  the  various  explosives 
shows  that  the  detonation  velocity  is  a  nonlinear 
function  of  the  pressure,  as  would  be  expected 
since  the  pressure  range  is  large. 

Analysis  of  the  Experimental  Results 

The  experimental  detonation  velocities  were 
correlated  on  the  basis  of  charge  density,  which 
was  obtained  using  charge  pressure  and  the  Tait 
equation,  as  modified  by  Nanda  and  Simha  (7), 
i .e . , 

1  -  Pl/oQ  =  C  In  (1  +P0/B)  (16) 

C  and  B  are  experimental  constants,  is  den¬ 
sity  at  atmospheric  pressure,  and  pQ  is  density 
at  charge  pressure  PQ.  The  constants  B  and  C 
were  evaluated  by  assuming  that  the  normal  com¬ 
pressibility  equation 

PQ  =  Pl  exp  (  8  PQ)  (17) 

is  valid  at  low  pressure,  8  is  the  compressibil¬ 
ity  coefficient.  Equation  (17)  was  used  by  itself 
in  reducing  the  data  obtained  using  the  SHELBY 
tubing . 


For  the  solid  explosives,  the  composition 
of  HBX  was  taken  as  75%  Composition  B  and  25% 
aluminum  (by  weight)  for  the  computations;  the 
compressibility  of  Composition  B  is  2.81  x  10”11 
cm  y dyne.  Aluminum  was  considered  to  be  in¬ 
compressible.  The  8  of  Composition  B  was  also 
used  for  Composition  C-3,  since  its  8  was  not 
known. 

The  densities  computed  by  the  preceding 
equations  for  nitromethane  at  the  various  charge 
pressures  are  shown  in  Figure  2  together  with 
the  corresponding  detonation  velocity.  The  data 
of  Campbell  et  al  (1)  using  1.75"  charges  con¬ 
tained  in  1.875"  OD  brass  tubes  are  also  shown. 
The  present  data  show  a  linear  dependence  be¬ 
tween  detonation  velocity  and  charge  density. 
The  data  also  show  a  slight  dependence  on  the 
diameter  (and  possibly  confinement)  of  the 
charge.  This  diameter  dependence  indicates 
that  the  charges  were  detonating  slightly  non- 
ideally.  The  detonation  velocity  of  the  5/16" 
cased  charges  is  given  as  a  function  of  charge 
density  by  the  emperical  equation 

D  =  6020  +  2695  (  pq  -  1.114)  m/sec  (19) 

The  data  of  Campbell  et  al  relating  the  ideal 
detonation  velocity  of  nitromethane  at  various 
ambient  temperatures  were  converted  to  a  den¬ 
sity  basis,  and  are  given  by  the  equation 

D  =  6198  +  2855  (p  -  1.114)  (20) 

o 

A  comparison  of  Eqs.  (19)  and  (2  0),  as  well  as 
of  the  two  lines  in  Figure  2,  indicates  that  the 
slope  of  D  vs  pQ  of  the  present  data  is  very  near 
that  obtained  on  the  Los  Alamos  studies.  There 
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TABLE  II.  MEASURED  DETONATION  VELOCITY  OF  PRESSURIZED  EXPLOSIVES 


Explosive 

Hydrostatic 

Pressure 

KPSI 

Ambient 

Temperature 

°F 

Detonation  Velocity, 

m/  sec 

Measured 

Velocity 

a1 

m/  sec 

Velocity 

Corrected 
to  90°  F 

Nitromethane 

0 

90 

6,023 

7.3 

6,023 

5/16"  ID 

0 

100 

5,999 

5.5 

6,019 

Tubing 

20 

100 

6,211 

6.7 

6,234 

20 

90 

6,254 

6.1 

6,254 

40 

91 

6,379 

4.6 

6,381 

60 

87 

6,495 

6.1 

6,489 

Nitromethane 

0 

91.5 

5,997 

7.3 

6,000 

3/16"  ID 

30 

84 

6,300 

6.1 

6,288 

Tubing 

62 

94.5 

6,500 

16.5 

6,510 

62 

74 

6,492 

14.3 

6,439 

88 

94 

6,596 

4.6 

6,550 

Nitromethane 

0 

64 

6,099 

14.6 

6 , 0952 

SHELBY 

0 

68 

6,140 

13.4 

6,145 

Tubing 

10 

66 

6,221 

11.3 

6,221 

10 

62 

6,257 

18.6 

6,249 

20 

65 

6,315 

4.9 

6,313 

20 

66 

6,308 

13.7 

6,308 

C-3 

0 

40-50 

7,844 

6.1 

5/16"  ID 

20 

7,941 

6.1 

Tubing 

36 

8,042 

6.1 

41 

8,033 

6.1 

56 

8,054 

9.1 

60 

8,045 

6.1 

HBX 

0 

40-50 

7,285 

11.0 

5/16"  ID 

37 

7,598 

6.7 

Tubing 

54 

7,670 

10.7 

1  a  is  the  standard  deviation  obtained  from  the  least  squares  fit  to  the  experimental  velocity 
data  obtained  from  the  probes. 


2Data  in  this  group  (SHELBY  Tubing)  were  corrected  to  66°  F. 


is,  however,  an  absolute  difference  of  the  order 
uf  l80m/sec  in  the  detonation  velocities.  Anal¬ 
ysis  of  the  possible  sources  of  error  indicates 
that  measurement  or  data  reduction  errors  cannot 
be  responsible  for  the  differences  observed.  An 
analysis  of  the  3/16"  and  5/16"  charges  with 
the  curved  front  theory  for  moderately  confined 
charges  (8)  suggests  the  ideal  diameter  is  about 
80m/sec  above  that  of  tne  5/16"  charges,  which 
is  roughly  half  the  observed  differences.  The 
(largely)  dilution  effects  of  benzylamine  in  the 
nitrometnane  can  easily  explain  the  remaining 
difference.  Thus  the  absolute  difference  in  the 
detonation  velocity  of  the  present  studies  from 
those  of  Los  Alamos  can  be  attributed  to  slight 
non-ideality  of  the  detonation  and  dilution  of 
the  nitromethane  with  the  benzylamine. 


Although  the  detonation  velocity  vs  charge 
density  correlations  in  the  present  studies  are 
essentially  linear,  there  is  no  reason  to  believe 
that  they  must  necessarily  be  linear  if  the  deton¬ 
ation  is  slightly  nonideal.  Moreover,  if  the 
correlation  is  linear  the  slope  need  not  be  that 
of  the  ideal  detonation.  The  slope  of  the  lines 
in  Figure  2  is  slightly  lower  than  that  of  the  Los 
Alamos  curve  but  it  is  not  known  whether  this 
difference  is  real.  It  was  found  that  the  slope 
depended  very  slightly  on  the  value  of  the  pres¬ 
sures  used  to  evaluate  the  constants  in  Eq .  (16). 

Therefore,  to  the  accuracy  inherent  in  the 
experimental  data  and  the  data  reduction  tech¬ 
niques,  it  can  be  said  that  the  increase  in  deton¬ 
ation  velocity  with  increase  in  ambient  pressure 
of  the  nitromethane  can  be  explained  entirely  by 
the  increase  in  charge  density  resulting  from  the 
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FIGURE  2.  COMPARISON  OF  EXPERIMENTAL  DETONATION  VELOCITY 
DATA  FOR  NITROM ETHANE. 


increase  in  pressure.  This  conclusion  is  thus  in 
agreement  with  the  theoretical  conclusion  dis¬ 
cussed  earlier,  since  the  ambient  pressures  are 
too  small  to  produce  significant  effects  due  to 
pressure  only. 

The  detonation  velocity  vs  charge  density 
correlations  obtained  for  the  HBX  and  Composit¬ 
ion  C-3  charges  are  shown  in  Figures  3  and  4. 
These  data  likewise  show  a  linear  correlation 
between  detonation  velocity  and  charge  density. 
The  data  cannot  be  compared  with  the  D  vs  pQ 
data  at  lower  densities  since  this  latter  data 
was  not  known.  It  may  thus  be  concluded,  as 
with  nitromethane ,  that  the  increase  in  deton¬ 
ation  velocity  with  increase  in  ambient  pressure 
of  the  solid  explosives,  over  the  relatively 
small  pressure  range  employed  in  the  studies, 
is  explained  entirely  by  the  increase  in  the 
charge  density  resulting  from  the  increase  in 
charge  pressure. 
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FIGURE  3.  DETONATION  VELOCITY  OF 
PRESSURIZED  HBX. 
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FIGURE  4.  DETONATION  VELOCITY  OF 
PRESSURIZED  C-3. 
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AN  ANALYSIS  OF  THE  "AQUARIUM  TECHNIQUE"  AS  A  PRECISION 
DETONATION  PRESSURE  MEASUREMENT  GAGE* 


J.  K.  Rigdon,  I.  B.  Akst 
Mason  &  Hanger  -  Silas  Mason  Co.,  Inc. 
Amarillo,  Texas 


Several  analytical  approaches  have  been  applied  to  evaluate  the  ex¬ 
perimental  shock  wave  data  obtained  from  "Aquarium  Technique"  experi¬ 
ments.  Ten  explosives  were  tested.  The  detonation  pressure  values 
obtained  were  in  good  agreement  with  those  of  explosively  driven  metal 
plate  experiments,  and  serve  to  illustrate  this  method's  relative 
simplicity,  low  cost,  and  precision.  Detonation  pressure  as  a  func¬ 
tion  of  charge  length  was  apparently  observed. 


INTRODUCTION 

The  experimental  measurement  of  shock  wave 
pressures  characteristic  of  most  detonating  solid 
explosives  is  typically  expensive,  difficult,  and 
generally  problematical.  Although  there  is  cur¬ 
rently  a  number  of  presure  measurement  schemes 
which  are  considered  to  be  state-of-the-art  (1), 
these  methods  are  often  elaborate,  sophisticated, 
and  costly  to  a  point  that  discourages  widespread 
regular  usage. 

There  is  a  continuing  need,  especially  in  the 
evaluation  of  new  explosive  formulations,  for  a 
relatively  simple,  comparatively  inexpensive,  yet 
dependable  detonation  pressure  measurement  gage. 
Recognizing  this  need,  we  have  attempted  to  re¬ 
evaluate  one  method  which  has  already  enjoyed 
long  usage,  but  one  which  we  feel  has  not  had  its 
full  capabilities — and  therefore  its  wider 
applicability — firmly  established.  This  method 
is  most  commonly  known  as  the  aquarium  tech¬ 
nique  (2-4) . 

The  task  of  the  user  of  the  aquarium  tech¬ 
nique  for  detonation  pressure  measurements  is 
the  determination  of — to  the  maximum  degree  of 
precision  permitted  by  camera  records — the  veloc¬ 
ity  of  the  shock  transmitted  into  the  water  im¬ 
mediately  at  the  explosive/water  interface.  From 
this  shock  parameter,  the  magnitude  of  the  inci¬ 
dent  pressure  or  detonation  pressure  may  be 
derived. 

Aquarium  test  pressure  values  are  very  sensi¬ 
tive  to  errors  in  determining  the  transmitted 
shock  velocity,  and  for  that  reason  calculation  of 
detonation  pressure  in  this  manner  has  tended  to 

*Work  done  under  the  auspices  of  the  U.S.  Atomic 
Energy  Commission 


be  less  favorable  than  some  other  methods.  Argu¬ 
ments  against  the  technique  appear  to  be  the  un¬ 
certainties  involved  in  arriving  at  the  initial 
transmitted  shock  wave  velocity. 

Probably  the  most  precise  method  for  deto¬ 
nation  pressure  measurement  currently  in  use  is 
the  measurement  of  free  surface  velocity  of 
metal  plates  (5).  Analysis  techniques  for  de¬ 
termining  the  free  surface  velocity  of  explo¬ 
sively  driven,  impedance  matched,  metal  plates 
over  short  distances  prove  to  be  much  less  in¬ 
volved  than  the  aquarium  technique.  The  metal 
plate  experiments  are  much  more  difficult  to 
perform.  Also,  as  is  pointed  out  in  Ref.  (5), 
Wilkins  (6),  Lambourn  and  Hartley  (7),  and 
Petrone  (8)  have  indicated  there  are  some  un¬ 
certainties  associated  with  the  free  surface 
velocity  technique  or  its  interpretation,  as 
have  Veretennikov,  Dremin,  et  al  (9),  and 
Craig  ( 10) . 

Detonation  pressures  determined  via  the 
aquarium  technique  have  characteristically  been 
below  the  accepted  published  nominal  values  from 
other  methods,  especially  in  the  early  develop¬ 
ment  of  the  technique.  To  a  large  degree,  this 
seems  to  relate  primarily  to  the  lack  of  adequate 
treatment  of  the  space-time  (R-t)  data,  from  the 
streak  camera  records,  i.e.,  a  sufficiently 
"good"  analytical  fit  to  the  experimental  data 
for  differentiation  and  solution  for  interface 
velocity  conditions.  For  this  reason,  one  of 
our  principal  concern  has  been  the  methods  of 
numerical  analysis  by  which  the  initial  or 
"jump-off"  velocity  could  best  be  deduced  from 
aquarium  test  data,  and  from  which  reliable  deto¬ 
nation  pressure  values  could  be  generated  from 
single  (or  small  sample)  shot  experiments.  We 
have,  based  on  the  exhaustive  work  of  other  in¬ 
vestigators,  implicitly  assumed  the  validity  and 
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applicability  of  the  impedance  match  method  for 
calculation  of  detonation  pressure. 

EXPERIMENTAL 

The  existence  of  a  large  quantity  of  ac¬ 
cepted  pressure  data  for  most  common  explosives 
has  given  us  the  opportunity  to  better  evaluate 
the  several  analytical  approaches  as  well  as  the 
total  experiment.  PBX  9404,  (94/3/3  HMX/nitro- 
cel lulose/tris-B-chloroethyl  phosphate)  whose 
detonation  pressure  has  been  heavily  researched 
(although  there  is  still  some  disparity  as  to 
what  its  steady  state  pressure  actually  is)  was 
chosen  for  "calibration"  of  the  aquarium  experi¬ 
ment.  The  detonation  pressure,  P  ,  of  PBX 
9404  is  nominally  considered  to  b£eSbout  372  ±  5 
kbars. 

The  experiments  consisted  of  aquarium  test¬ 
ing  ten  explosives  in  right  circular  cylinder 
geometry.  All  specimens  were  7.2  cm  in  diameter. 
The  lengths  tested  were  1.27,  2.54,  5.08,  and 
11.4  cm  for  the  PBX  9404  and  11.4  cm  only  for  the 
remaining  explosives  tested. 

Test  samples  were  carefully  prepared  and 
assembled  for  firing  as  shown  in  Fig.  1.  All 


shots  were  initiated  with  P-40  (^  10  cm  diameter) 
plane  wave  generators  (output  pressure  ^  140 
kbars).  This  was  done  to  maximize  the  one- 
dimensionality  of  the  output  waves  and  to  avoid 
any  overdriving  of  the  detonation  in  the  test 
samples . 

The  charges  were  immersed  in  distilled  water 
in  commercially  available  glass  walled  aquariums. 
Shadowgraphi c  backlighting  was  provided  by  ex¬ 
ploding  bridgewires  in  an  atmosphere  of  liquid 
Freon  (11).  The  Freon  has  the  effect  of  improv¬ 
ing  the  quantity  of  light  as  well  as  the  useful 
life  of  the  source  The  EBWs  were  positioned 
at  the  focal  point  of  a  12.7  cm  diameter,  19  cm 
focal  length  lens  which  was  centered  with  the 
optical  axis  and  the  output  surface  of  the  test 
sample,  and  attached  to  the  outside  surface  of 
the  glass  wall.  This  system  resulted  in  signifi¬ 
cantly  improved  streak  camera  records  as  opposed 
to  argon  bomb  light  sources. 

Considerable  care  was  exercised  in  the  align¬ 
ment  of  the  shots  within  the  optical  system. 

Tilted  shots,  i.e.  shots  whose  cylindrical  axis 
was  not  perpendicular  to  the  optical  system  axis, 
produced  a  double  trace  effect  which  seriously 
changed  the  pressure  results. 


Fig.  1  -  Typical  Aquarium  Test  Setup  for  Measuring  Detonation  Pressure 
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Alignment  was  accomplished  by  replacing  the 
EBW  light  source  with  a  mercury  vapor  point  light 
source.  The  point  source  was  located  at  the 
focal  point  of  the  condenser  lens  on  the  aquarium 
to  produce  a  beam  of  parallel  light.  The  entire 
aquarium  was  then  adjusted  such  that  the  parallel 
beam  was  centered  about  the  axis  of  the  optical 
system.  Final  adjustment  of  the  test  sample — by 
three  leveling  screws — was  then  made  until  a 
straight  shadowgraphic  image  of  the  output  sur¬ 
face  of  the  charge  was  observed  on  the  streak 
camera  slit  plate.  The  position  of  the  point 
source  was  noted;  the  EBW  backlight  source  was 
then  located  at  that  point  for  the  test. 


The  Rice-Walsh  equation  was  reported  (Ref.  12)  in 
the  form: 

Us  -  1.483  =  25. 3061og10( 1  +  Up/5. 190) 

Where  U§  and  Up  are  shock  and  particle  velocity 
respectively  in  km/sec.  By  doing  a  second  order 
polynomial  regression  fit  to  their  Us  -  Up  data, 
a  much  more  easily  used  functional  relationship 
was  obtained.  The  quadratic  representation  is: 

Up  =  -.607  +  .372  Us  +  .0283  u| 

Values  computed  via  this  form  differ  by  less  than 
1/2%  from  the  above  Rice-Walsh  equation  over  the 
range  of  interest. 


The  streak  camera  records  obtained  were 
generally  of  high  quality.  A  typical  sample  is 
shown  in  Fig.  2.  All  shots  were  fired  at  magni¬ 
fication  of  about  1:1  and  at  camera  writing  rate 
of  5.0  mm/ysec. 

ANALYSIS  AND  RESULTS 

The  measurement  of  transmitted  shock  ve¬ 
locity  into  water  permits  one  to  ascertain,  by 
use  of  the  water  Hugoniot  equation-of-state,  the 
associated  particle  velocity  for  the  shock. 

There  has  been  considerable  work  done  to  develop 
the  shock  properties  for  water  (3,  12-14).  We 
have  used  the  Rice-Walsh  equation  because  it  is 
probably  the  most  comprehensive  effort  and  be¬ 
cause  Papetti  and  Fujisaki  (15),  in  a  separate 
theoretical  study,  thoroughly  evaluated  and 
further  verified  the  Rice-Walsh  p-v-e  data  for 
purposes  of  extrapolating  it  to  higher  pressures. 


Having  determined  values  for  shock  and  par¬ 
ticle  velocity,  one  may  easily  compute  the  trans¬ 
mitted  pressure  with  the  familiar  conservation 
relation: 


The  impedance  match  equation  was  then  used 
to  calculate  the  incident  or  detonation  pressure. 
The  impedance  equation  is: 


Pi  =  pt 


poUs  +  PHE° 

2poUs 


where:  =  incident  or  detonation  pressure 

Pt  =  transmitted  pressure 

p0  =  initial  density  of  the  water 
D  =  detonation  velocity 

Us  =  transmitted  shock  velocity 

pHE  =  initial  density  of  the  explosive 


Fig.  2 -Typical  Streak  Camera  Trace  Illustrating  Type  Records  Used 
For  Detonation  Pressure  Measurement 
Camera  Writing  Rate  =  5.0  mm/ysec 
Explosive  -  PBX  9404,  d  =  7.2  cm,  L  =  11.4  cm 
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ANALYTICAL  CURVE  FITS 

Initially  we  attempted  five  separate  methods 
to  obtain  the  desired  transmitted  shock  velocity. 
They  were: 

1.  Graphical  fits  to  the  first  few  mm  of 
trace  motion  by  drawing  straight  lines 
on  40 X  photographic  enlargements. 

2.  Polynomial  regression  fits  from  one 
through  tenth  degree  to  about  35-40  mm 
of  trace  motion. 

3.  Polynomial  regression  fits — degree  one — 
to  the  first  2  mm  of  trace  motion. 

4.  The  combination  of  an  exponential  and 
linear  function. 

5.  The  combination  of  an  arc  tangent 
and  linear  function. 

Each  streak  camera  record  was  analyzed  on  a  Grant 
comparator.  The  time,  (t),  values  were  read  and 
an  IBM  card  punched  for  successive  .025  mm  incre¬ 
ments  in  the  space  direction  (R)  for  a  total  of 
2  mm.  The  process  was  then  repeated  for  a  total 
distance  of  about  35-40  run  in  .250  mm  increments. 

Photographic  enlargements  ( 40 X )  on  paper 
were  made  of  the  jump-off  region  and  graphically 
analyzed  to  determine  the  slope  of  the  trace. 
Although  the  calculated  results  from  this  method 
were  generally  good,  and  therefore  recommended 
for  "quick"  evaluations,  the  results  were  some¬ 
what  sensitive  to  the  experience  of  the  analyst. 
For  this  reason,  we  have  not  included  these  data 
in  this  paper. 

The  second  method  attempted — and  probably 
the  most  commonly  used — was  one  through  tenth 
degrees  polynomial  regression  fits.  Polynomial 
best  fits,  R  =  f(t),  at  first  appeared  to  be 
ideal,  e.g.  easily  differentiated  and  solved  for 
t=o  to  obtain  the  initial  transmitted  shock  ve¬ 
locity.  But  in  general,  high  order  polynomials 
failed  to  yield  good  results.  Table  I  serves  to 
illustrate  the  point.  Referring  to  Table  I,  it 
can  be  seen  that  for  the  two  shots  presented, 
the  "goodness  of  fit"  to  the  R-t  values  improves 
with  increasing  degree  of  polynomial,  as  one 
would  expect.  This,  however,  does  not  insure 
better  velocity  results  upon  differentiation  and 
solution  at  t=o;  in  fact,  the  opposite  is  usually 
the  case.  There  was  no  obvious  or  reliable  cri¬ 
terion  for  selecting  the  degree  of  polynomial 
which  would  yield  the  best  results.  An  investiga¬ 
tor  using  this  approach  would  find  it  very  diffi¬ 
cult  to  decide  which  is  the  most  nearly  correct 
velocity  value  from  tests  of  an  unknown  explosive. 
The  tendency  of  polymomials,  as  the  degree  in¬ 
creases,  to  try  to  pass  through  all  the  read 
values,  causes  the  derivatives  to  behave  less  and 
less  like  the  actual  physical  decay  of  the  shock 
with  time.  Quadratic  fits  to  slowly  decaying 
shocks  such  as  occur  with  larger  explosive 
charges  produce  reasonable  results,  but  not  with¬ 
out  a  potential  for  error  larger  than  one  is 


usually  satisfied  with. 

TABLE  1 

Velocity  Pressure  Data 


Determined  by  Polynomial  Regression  Method 
for  1st  through  10th  Degree  Polynomials 
for  TNT  and  LX- 10 


Degree 

Fit 

Us 

(cm/ysec) 

Correlation 

Coefficient 

Standard 
Error 
of  Est. 

P 

det 

(kbar) 

TNT 

(Pdet.  ^  199  kbar) 

1 

.515 

.999  366  5  5 

.54065 

168 

2 

.581 

.99995576 

.14320 

213 

3 

.540 

.99999778 

.03216 

184 

4 

.544 

.99999790 

.03136 

187 

5 

.566 

.99999925 

.01881 

202 

6 

.571 

.99999928 

.01851 

206 

7 

.583 

.99999938 

.01724 

214 

8 

.584 

.99999938 

.01728 

214 

9 

.600 

.99999943 

.01651 

227 

10 

.600 

.99999943 

.01660 

227 

LX-10 

(Pdet.  %  370  kbar) 

1 

.653 

.99986350 

.16939 

347 

2 

.692 

.99998572 

.05492 

388 

3 

.664 

.99999695 

.02546 

358 

4 

.649 

.99999793 

.02106 

343 

5 

.649 

.99999793 

.02113 

343 

6 

.660 

.99999803 

.02079 

354 

7 

.868 

.99999826 

.01952 

381 

8 

.724 

.99999883 

.01769 

422 

9 

.763 

.99999877 

.01653 

466 

10 

.769 

.99999877 

.01656 

473 

The  third  approach  taken  was  the  least 
squares  fitting  of  a  straight  line  to  the  first 
2  mm  of  shock  travel.  This  method  is  of  course 
based  on  the  assumption  that  the  shock  velocity 
is  constant  over  the  2  mm  or  the  deceleration 
for  that  distance  is  zero.  This  assumption 
proved  to  be  quite  good,  especially  with  the 
longer  charges  which  produce  more  slowly  decaying 
shock  waves  in  the  water.  The  use  of  the  first 
2  mm  of  shock  travel  for  linear  fits  is  easily  the 
most  expedient  of  all  the  methods  attempted.  The 
success  of  this  method,  however,  is  contingent 
upon  very  high  quality  streak  camera  results  at 
the  jump-off  portion  of  the  trace,  and  the  early 
portion  of  streak  camera  records  for  this  type 
test  is  often  the  most  troublesome.  This  fact 
prompted  us  to  examine  other  approaches  which 
would  allow  use  of  an  order  of  magnitude  more  of 
the  streak  trace  by  taking  advantage  of  the  im¬ 
proved  shadowgraphic  effect  produced  after  the 
shock  wave  began  to  have  some  slight  curvature. 

The  one-dimensionality  assumptions  are  increas¬ 
ingly  affected  as  the  system  becomes  more  diver¬ 
gent;  however,  here  we  are  only  interested  in 
matching  an  equation  to  the  actual  shock  decay 
characteristics  for  purposes  of  solution  for 
interface  conditions. 

On  the  assumption  that  the  acceleration  of 
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the  shock  wave  in  the  water  de  decayed  in  some  ex¬ 
ponential  manner  with  time,  we  proceded  to  de¬ 
velop  a  curve  fitting  model  with  that  character¬ 
istic  behavior  (16).  If  R"(t)  =  Ae”^  t,  R'(0) 

=  N  and  R(0)  =  0,  then  by  successive  integra- 

tion,  R  =  AK-4(e'k2t-l)  +  (N2+AK'2)t 
Rewriting  this  equation  and  combining  the  con¬ 
stants,  one  gets  the  general  form  of  what  we  have 
called  curve  fitting  Model  I,  or: 

R  =  Aj  +  A2t  +  A3eAl,t 

The  constraint  imposed  by  the  above  boundary 
conditions  that  the  curve  passes  through  the  ori¬ 
gin  at  t=o  has  been  removed  in  Model  I  by  addi¬ 
tion  of  the  constant,  Ax  in  order  to  further  in¬ 
crease  the  versatility  of  the  model. 

The  Model  I  equation  was  fitted  to  each  of 
the  R-t  data  sets.  The  A's  are  constants  deter¬ 
mined  by  computer  after  force  fitting  the  curves 
to  three  data  points  (first,  middle,  and  last) 
followed  by  subsequent  refinement  through  suc¬ 
cessive  iterations  until  convergence  to  within 
the  desired  limits  is  attained.  Shock  velocity 
values  are  then  computed  by  differentiation  of 
the  resulting  equation  for  any  desired  t  value 
within  the  range  of  the  data. 

The  last  of  the  above  mentioned  techniques 
was  developed  from  observation  of  computer  plots 
of  R-t  data  sets.  Examination  of  plots  of  incre¬ 
mental  slopes  as  a  function  of  time,  AR/At  vs  t, 
had  behavior  similar  to  a  specialized  form  of  a 
"Witch  of  Agnesi"  curve.  The  characteristics  of 


the  larger  shots,  namely  a  very  slow  intial  decay, 
followed  by  a  region  of  faster  decay,  which  sub¬ 
sequently  leveled  off  to  practically  constant 
velocity,  indicated  that  integration  of  a  form: 


R ' 


C  + 


8A2B 

t2  +  4A 


would  yield  a  general  equation  having  properties 
similar  to  the  R-t  data.  The  constants  A  and  B, 
are  the  major  and  minor  axis  of  an  ellipse,  and  C 
represents  the  almost  constant  value  of  velocity 
attained  after  the  shock  has  propagated  some  dis¬ 
tance. 


Integration  of  this  equation  produced  the 
Model  III  curve  fit  of  the  general  form: 

R  =  A3t  +  4A}A2  tan_1(t/2A1) . 

Model  III  was  fitted  to  each  of  the  R-t  data 
sets;  the  constants  being  determined  in  the  same 
manner  as  with  Model  I. 


Velocity-pressure  values  from  the  last  three 
methods  described  above  were  the  most  successful. 
These  data  are  presented  in  Tables  2  and  3. 

Table  2  summarizes  the  PBX  9404  data.  Referring 
to  Table  2,  the  straight  line  fit  appears  to 
offer  the  best  precision  followed  by  the  Model  I, 
then  the  Model  III.  The  straight  line  fit  seems 
to  show  an  effect  of  charge  length  on  detonation 
pressure.  Considering  only  the  straight  line  fit 
averages,  the  1.27  and  2.54  cm  shots  are  5.8%  be¬ 
low  the  nominal;  the  5.08  cm  shots  are  3%  below, 
while  the  11.4  cm  values  agree  with  the  nominal 
within  <  1%. 


TABLE  2 


PBX  9404  Aquarium  Test  Results 


All  Charges  d  =  7.2  cm 


Charge 

Length 

(cm) 

Densi  ty 
(g/cc) 

Det.  Vel  .* 
(cm/psec.) 

Transmitted  Shock  Vel.,  Us 
(cm/usec.) 

Measured  Detonation 
Pressure,  Pdet 

(kbar) 

Average  Detonation 
Pressure  Pdet 

(kbar) 

St.  Line 
Fit 

2  mm 

Model 

I 

Model 

III 

St.  Line 

Fit 

2  nm 

Model 

I 

Model 

III 

St.  Line 

Fit 

2  nm 

Model 

I 

Model 

III 

1.27 

1.846 

.882 

.657 

.662 

.645 

349 

355 

338 

350 

360 

346 

1.27 

1.845 

.882 

.659 

.679 

.660 

351 

364 

353 

2.54 

1.844 

.881 

.658 

.671 

.658 

351 

363 

351 

351 

357 

342 

2.54 

1.843 

.881 

.658 

.657 

.640 

350 

350 

332 

5.08 

1.844 

.880 

.669 

.663 

.659 

360 

355 

350 

5.08 

1.843 

.881 

.672 

.671 

.685 

364 

364 

377 

361 

357 

357 

5.08 

1.845 

.882 

.668 

.658 

.649 

360 

351 

343 

11.4 

1.844 

.882 

.677 

.680 

.694 

370 

373 

384 

370 

369 

377 

11.4 

1.844 

.882 

.676 

.671 

.677 

369 

364 

370 

*Detonation  velocities  calculated  from  D  =  .36  p  +  .2176 


Model  I:  R  =  Aj  +  A2t  +  A3eA4t 

Model  III:  R  =  A3t  +  4AjA2  tan'1(t/2A1) 
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0  St.  Line  Fit 


Fig.  3  -  Ratio  of  experimentally  measured 
pressure  to  nominal  detonation 
pressure  as  a  function  of  charge 
length 


The  mean  pressures  given  in  Table  II  are 
shown  in  Fig.  3  in  a  plot  of  the  ratio  of  the 
measured  pressure,  to  the  nominal  pressure  as  a 
function  of  charge  length.  A  "best  fit  by  eye" 
curve  has  been  drawn  through  the  data  to  roughly 
indicate  the  capabilities  of  the  technique  as 
determined  by  these  experiments. 


Model  III:  R  =  A3t  +  4AXA2  tan"1(t/2A1) 
aAverage  of  two  shots 
pPressed 

♦Model  III  failed  to  converge  to  a  solution 
cCast 


Table  3  includes  the  velocity-pressure  data 
for  the  nine  other  explosives  tested.  Since  the 
11.4  cm  PBX  9404  charges  produced  the  best 
results — best  agreement  with  nominal  detonation 
pressure — that  length  was  chosen  as  the  standard 
for  the  remaining  explosives.  Where  the  data 
was  available,  the  detonation  pressure  as  deter¬ 
mined  by  LRL's  "Standard  Tests  for  Detonation 
Pressure  Measurement"  (5)  are  also  presented  for 
comparison.  For  the  most  part,  there  is  very 
good  agreement;  when  normalized  for  density  by 
AP/Ap  'v  0.5  kbar/mg/cc  from  P  ^  pD2/4,  the 
straight  line  fit  values  are  within  1%  or  less 
for  all  explosives  for  which  there  are  compara¬ 
tive  data,  except  for  TNT  and  50/50  Pentolite, 
where  the  differences  are  4%  and  2%,  respective¬ 
ly.  It  should  be  noted  here  that  an  error  of 
fixed  size  in  the  measurement  of  initial  trans¬ 
mitted  shock  velocity  will  result  in  a  propor¬ 
tionately  greater  error  in  Pde^  at  lower  pres¬ 
sures  than  at  higher  ones  simply  because  it  is  a 
larger  proportion  of  the  absolute  transmitted 
shock  velocity. 

CONCLUSIONS 

Clearly,  the  aquarium  technique  is  capable 
of  yielding  good  detonation  pressure  data.  The 
experiments  performed  and  the  results  obtained 
show  that  it  is  feasible  to  use  the  aquarium 
technique  on  a  non-statistical  experimental  basis. 


Detonation  Pressure  Measurement"  (Ref.  5) 
250/50  PETN/TNT  average  PETN  particle  size  10 
360/40  RDX/TNT 
“BS/IS  HMX/Viton 
590/10  HMX/Viton 
693.3/4.2/2.5  HMX/DNPA/FEF0 
795/5  HMX/Viton 
®75/25  RDX/TNT 

9HMX/Potassi  urn  Perchlorate  Formulation 


TABLE  3 

Single  Shot  Results  for  Ten  Explosives 


All  Charges  d  =  7.2  cm,  L  =  11.4  cm 


Explosi ve 

Densi ty 
(g/cc) 

Det.  Vel. 
(cm/usec) 

Transmitted  Shock  Vel., 

Us 

(cm/ysec. ) 

Measured  Detonation 
Pressure,  Pdet 

(kbar) 

LRL  Values1 

St.  Line 

Fit 

2  mm 

Model 

I 

Model 

III 

St.  Line 

Fit 

2  mm 

Model 

I 

Model 

III 

Densi ty 

Det. 

Vel 

P 

det 

±5  (kbar) 

PBX  9404a 

1.844 

.881 

.677 

.676 

.686 

370 

369 

377 

1.846 

.882 

375 

TNTP 

1.638 

.692 

.561 

.553 

★ 

201 

195 

★ 

1.632 

.694 

190 

Pentolite2«P 

1.644 

.752 

.618 

.624 

.630 

257 

262 

250 

1.644 

.752 

252 

Comp.  B3,c 

1.729 

.798 

.641 

.637 

.647 

297 

294 

302 

1.733 

.800 

300 

LX-04-14 

1.858 

.846 

.654 

.688 

.660 

338 

372 

344 

1.867 

.848 

345 

LX-075 

1.850 

.859 

.694 

.684 

.694 

381 

370 

381 

_ 

_ 

_ 

LX-096 

1.861 

.882 

.662 

.682 

.682 

354 

372 

373 

_ 

_ 

_ 

LX- 10 7 

1.841 

.881 

.679 

.675 

* 

374 

370 

★ 

- 

_ 

_ 

Cyclotol 8,c 

1.757 

.830 

.644 

.659 

.668 

312 

325 

333 

1.760 

.830 

316 

RX- 11-AY9 

1.876 

.625 

.540 

.639 

.541 

190 

187 

191 

- 

- 

- 

Model  I :  R  =  +  A2t  +  A3eA4t  Walues  determined  by  the  LRL  "Standard  Test  for 
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The  cost  of  a  test  was  generally  much  lower 
than  our  cost  for  a  metal  plate  free  surface  ve¬ 
locity  experiment  and  the  technique  has  the  added 
potential  of  collecting  useful  shock  data  at  dis¬ 
tances  from  the  HE/water  interface. 

Good  agreement  between  nominal  and  measured 
pressure  values  was  obtained  for  the  7.2  cm  dia¬ 
meter,  11.4  cm  long  charges.  The  discrepancy  in 
the  results  for  the  L  =  1.27,  2.54,  and  to  some 
extent  the  5.08  cm  shots  appears  to  be  real  but 
is  not  explained.  The  analytical  precision  seems 
to  be  somewhat  enhanced  when  the  records  are  pro¬ 
duced  by  charges  on  the  order  of  at  least  10  cm 
long. 

Aquarium  test  space-time  streak  camera 
shadowgraphs  from  explosive  charges  of  this  mag- 
natude  are  well  suited  to  the  analysis  schemes 
we  have  tested.  For  the  numerical  analysis 
techniques  attempted,  the  following  conclusions 
are  made: 

a.  Graphical  fits  to  paper  photographic 
enlargements  of  the  streak  camera  rec¬ 
ords  are  recommended  only  for  a  first 
order  analysis. 

b.  One  through  tenth  degree  polynomial  re¬ 
gression  fits,  although  generally  a 
routine  exercise  in  curve  fitting,  can 
produce  erroneous  results  if  one  selects 
the  degree  to  be  used  by  the  normal 
“goodness  of  fit"  criteria,  i.e.,  cor¬ 
relation  coefficient  and  standard  error 
of  estimate,  etc. 

c.  Straight  line  fits  to  about  the  first 
2  mm  of  the  shock  travel  produces  good 
results  with  large  charges  providing 
the  record  quality  in  that  region  is 
very  good  and  sufficiently  large  mangi- 
fi cation  is  used  in  performance  of  the 
experiment. 

d.  The  alternate  methods  examined,  while 
considerably  more  involved,  take  advan¬ 
tage  of  much  more  of  the  trace  recorded 
in  a  typical  aquarium  type  experiment. 
Velocity-pressure  values  derived  by 
these  methods  were  generally  good;  per¬ 
haps  these  or  similar  functions  can 
eventually  be  made  to  more  closely  ap¬ 
proximate  the  actual  physical  decay  of 
the  shock  in  water. 
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METAL  ACCELERATION  BY  COMPOSITE  EXPLOSIVES* 
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Livermore,  California  94550 


The  metal  accelerating  ability  of  plastic-bonded  explosives  (PBX) 
containing  aluminum,  inorganic  oxidizers,  01*  mixtures  of  the  two  has 
been  investigated.  These  composite  formulations  were  prepared  by  re¬ 
placing  a  portion  of  the  HMX  in  conventional  PBX's  with  aluminum, 
ammonium  perchlorate,  or  potassium  perchlorate.  Thermodynamic  - 
hydrodynamic  code  calculations  were  used  to  model  extremes  in 
performance  for  these  systems.  Comparison  with  experimental  results 
enabled  us  to  infer  rates  and  extent  of  reactions  of  the  additives. 


INTRODUCTION 

We  have  extended  our  previous  work  [1]  on 
the  metal  accelerating  ability  of  simple,  fast 
reacting  explosives  to  include  a  variety  of  com¬ 
posite  explosives;  that  is,  explosives  contain¬ 
ing  inorganic  oxidizers  and  fuels.  Gordon  [2] 
was  the  first  to  apply  the  term  composite  to 
such  explosives.  These  metal-  and  oxidizer- 
containing  formulations  release  their  chemical 
energy  over  a  much  longer  time  scale  than  sim¬ 
ple  explosives,  finding  wide  use  as  a  result  in 
air  blast,  underwater,  and  cratering  applica¬ 
tions.  However,  reaction  rates  of  the  com¬ 
posite  explosives  generally  have  been  too  slow 
for  effective  use  in  metal  acceleration.  In  this 
paper  we  describe  the  calculated  and  experi¬ 
mental  performance  of  plastic-bonded,  HMX- 
based  composites.  Results  indicate  that  these 
materials  can  be  used  advantageously  for  metal 
acceleration. 

MODEL  FOR  DETONATION  OF  COMPOSITE 
EXPLOSIVES 

The  generally  accepted  model  for  the  physi¬ 
cal  and  chemical  processes  occurring  in  the 
detonation  of  a  composite  explosive  involves  ig¬ 
nition  followed  by  reaction  between  oxidizer  and 
fuel.  These  steps  produce  heat,  and  gaseous 
and  solid  products  at  high  pressure.  Transfer 
of  heat  to  the  gas  and  expansion  of  the  products 
then  results  in  useful  work.  For  simple  explo¬ 
sives  such  as  HMX  or  Viton-bonded  HMX,  the 
chemical  reactions  are  complete  in  less  than  a 


microsecond  [3],  For  ammonium  nitrate- 
aluminum -water  slurry  explosives,  these  reac¬ 
tions  take  many  milliseconds  [4,5].  Adding 
HMX  to  a  slow  reacting  composite  formulation 
can  decrease  the  reaction  time  to  the  range  1  to 
100  /isec.  Figure  1  compares  the  approximate 
range  of  chemical  reaction  times  for  these  sys¬ 
tems  with  the  maximum  available  time  for  var¬ 
ious  applications. 

It  is  presently  impossible  to  calculate  the 
behavior  of  composite  explosives.  The  complex 
nature  of  the  calculation,  for  example  of  an 


Time  —  msec 


Work  performed  under  the  auspices  of  the 
U.  S.  Atomic  Energy  Commission. 


Fig!  1 — Approximate  variation  of  reaction 
times  for  typical  explosive  formulations 
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HMX  -  ammonium  perchlorate  -  aluminum  -  V iton 
composite,  is  best  illustrated  by  considering 
the  actual  processes  involved.  These  are  [2, 
6-10]: 

1.  Shock  ignition  and  reaction  of  HMX 

2.  Decomposition  and  reaction  of  ammonium 
perchlorate 

3.  Heating  to  ignition  of  aluminum 

4.  Diffusion  and  mixing  of  products 

5.  Oxidation  of  aluminum  and  HMX  detona¬ 
tion  products  by  any  of  several  sources 
of  oxygen,  including  excess  oxygen  from 
the  ammonium  perchlorate 

6.  Heat  transfer  from  condensed  products, 
such  as  AI2O3,  to  the  expanding  gaseous 
detonation  products. 

Accurate  P-V-T  equations  of  state,  diffusion 
coefficients,  and  kinetic  data  are  unavailable 
for  predicting  and  optimizing  the  performance 
of  this  system. 

General  considerations,  however,  do  let  us 
identify  the  major  factors  influencing  the  actual 
rates  of  reaction  that  determine  performance. 
For  instance,  the  smaller  the  particles  of  alu¬ 
minum  and  ammonium  perchlorate,  the  faster 
the  reaction.  (Practical  formulations  can  be 
made  with  particles  a  few  microns  in  size.) 

Also,  the  higher  the  initial  detonation  tempera¬ 
ture,  the  faster  the  rate.  This  implies  that  a 
minimum  amount  of  nonenergetic  binder  is  de¬ 
sirable.  It  also  means  that  a  detonable  additive 
like  ammonium  perchlorate  should  react  faster 
than  a  metal  perchlorate. 

In  addition  to  these  obvious  general  guide¬ 
lines,  we  have  gained  a  semi -quantitative  in¬ 
sight  into  the  effect  of  possible  reactions  on 
performance  by  using  the  thermodynamic - 
hydrodynamic  code  RUBY  [11].  As  previously 
shown,  RUBY  isentropic  expansion  calculations 
are  erroneous  on  an  absolute  basis,  but  on  a 
relative  basis  they  accurately  predict  the  be¬ 
havior  of  simple  explosives  [1].  Calculations 
for  explosives  under  test  were  thus  compared 
to  calculations  for  pure  HMX,  and  the  same 
relative  comparison  was  also  made  for  the  ex¬ 
perimental  data.  (See  Ref.  [1],  page  11,  for 
the  procedure  used.)  We  ran  calculations  al¬ 
lowing  complete  chemical  reaction  and  others 
where  all  or  part  of  an  ingredient  remained 
inert.  In  this  way  we  were  able  to  model  the 
effect  of  partial  reactions  commonly  occurring 
in  composite  explosives.  Calculational  results 
are  presented  in  the  discussion  section,  in 
terms  of  the  fraction  of  additive  reacted.  The 
actual  fractions  were  determined  by  experimen¬ 
tal  performance  measurements. 

EXPERIMENTAL  RESULTS 

In  all,  24  composite  explosives  were  investi¬ 
gated.  Detonation  velocity  and  metal  accelera¬ 
ting  ability  were  measured  in  our  standard 
cylinder  test  [1].  Detonation  pressures  were 
determined  [12]  by  using  the  technique  developed 


by  Davis  and  Craig  [13].  Table  1  summarizes 
the  composition,  density,  detonation  velocity, 
and  detonation  pressure  data.  Table  2  presents 
cylinder  test  results. 

DISCUSSION 

Aluminum-Containing  Explosives 

We  investigated  the  effect  of  adding  5/u  alumi¬ 
num  to  our  standard  HMX-Viton  explosives: 
LX-04  and  LX-07.  Figure  2  summarizes  the 
cylinder  test  performance  of  LX-04  with  various 
amounts  of  aluminum  added.  The  curves  in  this 
figure  are  relative  RUBY  calculations  for  the 
extremes  —  aluminum  inert  or  completely  re¬ 
acted.  A  good  check  on  the  calculation  for  alu¬ 
minum  inert  was  obtained  by  testing  a  formula¬ 
tion  containing  LiF  instead  of  aluminum.  The 
RUBY  calculations  showed  that  with  10  vol  % 
aluminum,  the  difference  in  energy  between  fully 
reacted  and  inert  is  almost  30%. 

Experimental  cylinder  test  points  relative  to 
HMX  are  shown  in  Fig.  2  at  three  stages  in  the 
expansion  of  the  l-in.-diam  cylinder.  From 
this  figure,  two  observations  are  apparent. 

First,  the  optimum  percentage  of  aluminum 
predicted  by  the  calculation  is  approximately 
correct.  This  optimum  results  from  a  trade¬ 
off  between  total  heat  of  detonation  and  moles  of 
gas  available  to  do  the  work.  Second,  there  is 
a  definite  time  dependence  to  the  energy  release. 
At  early  expansion  of  the  cylinder,  the  alumi¬ 
num  is  almost  inert.  Later,  progressively 
larger  fractions  of  the  aluminum  have  reacted. 
Assuming  a  linear  relationship  between  the 
fraction  of  aluminum  reacted  and  the  increased 
performance,  we  obtained  the  results  presented 
in  Fig.  3.  The  formula  used  for  computing  the 
fraction  reacted  is: 

E0  -  E  . 

, .  ,  ,  R  min 

Fraction  reacted  =  r= — - — — ^ - 

Lmax  min 

where 

Er  =  Experimental  relative  energy  (wall 
R  velocity  of  test) 2 /(wall  velocity  of 

HMX)2  at  the  appropriate  R-R0  (cylin¬ 
der  wall  radius); 

E  =  RUBY-calculated  relative  energy  re- 
max  lease  for  the  maximum  reaction  at 

V/V0  appropriate  to  the  above  R-R0; 

E  .  =  RUBY-calculated  relative  energy  re- 

min  lease  for  the  minimum  reaction  at 

V/V0  appropriate  to  the  above  R-R0; 
and 

V/VQ  =  relative  volume  of  detonation  products. 

RUBY  calculations  were  also  run  for  HMX- 
aluminum  compositions  containing  only  10% 

Viton  as  binder.  This  system  again  showed  a 
maximum  performance  in  the  range  7-12  vol  % 
aluminum.  We  experimentally  investigated  a 
composition  containing  7  vol  %  aluminum 
(RX-04-DS)  in  both  l-in.-diam  and  2-in.-diam 
scaled  cylinder  tests.  The  diameter  effect  was 
approximately  1%  in  wall  velocity.  The  results 
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TABLE  1 

Explosive  Formulations  and  Properties 


Explosive 

Formulation 

P 

(g/cc) 

Detonation 

velocity 

(mm/jusec) 

P 

(kbar) 

Wt  % 

Composition8 

Vol  % 

1  in. 

2  in. 

HMXb 

100 

HMX 

99.6 

1.894 

9.11 

LX-  10b 

95/5 

HMX/Viton 

93/5.2 

1.862 

8.82 

LX-07b 

90/10 

HMX/Viton 

88/10.2 

1.860 

8.65 

Aluminum  Systems 

RX-04-DS 

81.0/9.9/9.1 

HMX/Al,  5 /j/ Viton 

83.1/7.1/9.8 

1.918 

8.52 

LX-04b 

85/15 

HMX/Viton 

83.5/15.4 

1.866 

8.47 

8.48c 

350 

RX-04-BM 

81.6/4/14.4 

HMX/Al,  5*</ Viton 

81/2.8/15 

1.893 

8.44 

RX-04-BN 

79/6.6/14.3 

HMX/Al,  5<i/Viton 

79.6/4.7/15 

1.913 

8.41 

HAV-10 

74.7/10.6/14.7 

HMX/Al,  5/u / Viton 

76/7.6/15.5 

1.930 

8.33 

RX-04-BO 

72.7/13.3/14.0 

HMX/Al,  5*i /' Viton 

75/9.6/15 

1.954 

8.31 

HAV-20 

65.7/18.9/15.4 

HMX/Al,  5*i/ Viton 

69/14/16.7 

1.99 

8.16 

RX-04-BTb 

76/10/14 

HMX/ Li  F/ Viton 

77/7.3/15.3 

1.936 

8.35 

LX- 1  lb 

80/20 

HMX/Viton 

79/21 

1.876 

8.32 

Perchlorate  Systems 

RX-22-AG 

73.6/26.4 

HMX/LP,  5*i 

77/22 

1.988 

8.43 

RX- 1 1  -BA 

51/39/10 

HMX/AP,  5*i/ Viton 

51/38/10 

1.89 

8.12 

RX-04-AUb 

92/8 

HMX/ PE 

83.5/14.3 

1.719 

8.63 

RX-ll-AF 

52/43/5 

HMX/KP,  3*i/ PE 

55/34/11 

1.994 

7.63 

7.76 

350 

RX-ll-AI 

52/43/5 

HMX/KP,  10*i /PE 

55/34/11 

1.985 

7.63 

-325 

RX-ll-AJ 

52/43/5 

HMX/KP,  44*i/PE 

55/34/11 

1.992 

7.46 

7.54 

-305 

RX  -  18-AHb 

71/29 

HMX/ EDNP 

62/37 

1.66 

7.77 

7 . 69d 

27  0 

RX-18-AB 

51/20/29 

HMX/AP,  5*i /EDNP 

45/17/38 

1.67 

7.45 

7.3  ld 

RX-18-AE 

51/20/29 

HMX/AP,  90*i/EDNP 

45/17/38 

1.67 

7.19 

7. 09d 

-230 

RX-18-AG 

51/20/29 

HMX/AP,  200*i/EDNP 

45/17/38 

1.67 

7.15 

7.03d 

RX-18-BA 

31/45/24 

HMX/KP,  3*i/EDNP 

30/35/35 

1.87 

6.66 

235 

A-  589b 

86/14 

HMX/PB 

75/25 

1.66 

8.26 

8.29 

27  5 

A-  590 

80.3/5.9/13.8 

HMX/AP,  6*1 /PB 

70/5/25 

1.66 

8.19 

27  5 

A-591 

69/17/14 

HMX/AP,  6*1 /PB 

60/15/25 

1.67 

7.96 

8.05 

-27  5 

A-592 

57/29/14 

HMX/AP,  6*1 /PB 

50/25/25 

1.67 

7.63 

7.76 

260 

RX-18-AJ 

52.6/34.7/12.7 

HMX/KP,  15*i/PB 

50/25/25 

1.82 

7.00 

7.13 

—250 

RX- 1 1  -AW 

51/35/14 

HMX/KP,  3*i /PB 

48/25/27 

1.78 

6.94 

7.13 

220 

RX- 1 1-AX 

51/35/14 

HMX/KP,  9*i /PB 

48/25/27 

1.78 

7.17 

220 

RX- 1 1  -AY 

33.4/53.4/13.2 

HMX/KP,  3*i/PB 

33/40/27 

1.88 

6.25 

180 

RX-ll-AZ 

33.4/53.4/13.2 

HMX/KP,  9*i /PB 

33/40/27 

1.88 

6.11 

165 

Aluminum  and  Perchlorate  System 

RX-25-AA 

22/58/10/10 

HMX/AP,  5*i/Al, 

23/59/7.4/10.4 

1.97 

6.54 

5*i/ Viton 

Compositions  are  as  follows:  AP  =  NH4CIO4;  KP  =  KCIO4;  LP  =  LiC104;  PE  =  polyethylene; 
EDNP  =  ethyl  4,4-dinitropentanoate  with  1%  Cab-O-Sil  (Si02)  gelling  agent;  PB  =  hydroxy  terminated 
polybutadiene;  Viton  =  vinylidine  fluoride -hexafluoropropylene  copolymer. 

^Reference  formulation. 

Q 

For  infinite  diameter  (not  this  work). 

^For  0.55-in.  diameter. 
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TABLE  2 

Cylinder  Test  Results  for  Explosive  Formulations 


Explosive 

Test 

Diama 

(in.) 

Time  (jusec)  at  R-Rq 

(mm)  = 

Velocity  (mm //usee)  at  R- 

R  (mm)  = 
o 

5 

10 

15 

19 

26 

32 

5 

10 

15 

19 

26 

32 

HMXb 

1 

3.75 

6.66 

9.41 

11.57 

15.28 

18.40 

1.63 

1.77 

1.84 

1.87 

1.91 

1.93 

LX  -  10b 

1 

3.87 

6.88 

9.73 

11.93 

15.72 

18.92 

1.59 

1.72 

1.79 

1.82 

1.86 

1.88 

LX-07-  lb 

1 

3.99 

7.09 

10.02 

12.30 

16.20 

19.48 

1.53 

1.67 

1.74 

1.77 

1.82 

1.84 

Aluminum  Systems 

RX-04-DS 

1 

4.09 

7.18 

10.09 

12.33 

16.15 

_ 

1.52 

1.68 

1.76 

1.80 

1.85 

— 

2 

4.13 

7.21 

10.10 

12.33 

16.12 

— 

1.52 

1.69 

1.77 

1.81 

1.87 

— 

LX-04-  lb 

1 

4.12 

7.30 

10.32 

12.67 

16.71 

20.12 

1.52 

1.62 

1.68 

1.72 

1.76 

1.78 

2 

4.07 

7.26 

10.27 

12.62 

16.66 

20.06 

1.50 

1.62 

1.69 

1.71 

1.75 

1.77 

RX-04-BM 

1 

4.17 

7.34 

10.35 

12.70 

16.71 

20.10 

1.50 

1.62 

1.68 

1.72 

1.76 

1.79 

RX-04-BN 

1 

4.24 

7.46 

10.49 

12.84 

16.85 

20.20 

1.50 

1.61 

1.68 

1.72 

1.77 

1.80 

HAV-10 

1 

4.25 

7.48 

10.50 

12.83 

16.79 

20.11 

1.47 

1.61 

1.70 

1.74 

1.79 

1.82 

RX-04-BO 

1 

4.31 

7.62 

10.70 

13.09 

17.15 

20.56 

1.45 

1.58 

1.65 

1.69 

1.76 

1.77 

HAV-20 

1 

4.51 

7.95 

11.10 

13.52 

17.58 

20.97 

1.40 

1.53 

1.63 

1.68 

1.76 

1.78 

RX-04-BTb 

1 

4.28 

7.70 

10.93 

13.46 

17.80 

21.46 

1.43 

1.51 

1.57 

1.59 

1.63 

1.65 

LX- 1  lb 

1 

4.23 

7.51 

10.62 

13.05 

— 

— 

1.46 

1.57 

1.63 

1.66 

— 

— 

Perchlorate  Systems 

RX-22-AG 

1 

3.86 

6.86 

9.67 

11.85 

15.57 

18.71 

1.57 

1.74 

1.81 

1.86 

1.90 

1.93 

RX-ll-BA 

1 

4.10 

7.24 

10.22 

12.53 

16.48 

19.81 

1.48 

1.65 

1.71 

1.75 

1.79 

1.81 

2 

4.03 

7.13 

10.05 

12.32 

16.21 

19.48 

1.52 

1.67 

1.74 

1.78 

1.82 

1.84 

RX-04- AUb 

1 

4.27 

7.57 

10.67 

13.08 

17.22 

20.70 

1.43 

1.58 

1.64 

1.67 

1.71 

1.73 

RX-ll-AF 

1 

4.25 

7.47 

10.49 

12.82 

— 

— 

1.50 

1.61 

1.69 

1.73 

— 

— 

2 

4.09 

7.20 

10.17 

12.50 

16.40 

— 

1.54 

1.65 

1.70 

1.75 

— 

— 

RX-ll-AI 

2 

4.39 

7.64 

10.71 

13.14 

17.14 

20.53 

1.48 

1.60 

1.66 

1.70 

1.75 

1.77 

RX-ll-AJ 

1 

4.65 

8.26 

11.57 

14.13 

— 

— 

1.35 

1.46 

1.54 

1.58 

— 

— 

2 

4.51 

7.93 

11.11 

13.58 

17.76 

— 

1.40 

1.52 

1.59 

1.65 

1.70 

— 

RX - 1 8  -  AHb 

1 

4.63 

8.18 

11.52 

14.10 

18.52 

22.24 

1.33 

1.46 

1.53 

1.57 

1.61 

1.62 

RX-  18- AB 

1 

4.52 

8.03 

11.35 

13.91 

18.29 

21.99 

1.39 

1.47 

1.54 

1.58 

1.61 

1.63 

RX-18-AE 

1 

4.85 

8.50 

11.86 

14.48 

18.97 

22.73 

1.28 

1.43 

1.51 

1.54 

1.58 

1.61 

RX  - 1 8  -  AG 

1 

5.15 

8.98 

12.53 

15.26 

19.94 

23.86 

1.22 

1.36 

1.44 

1.48 

1.52 

1.54 

RX- 18- BA 

1 

4.85 

8.46 

11.80 

14.36 

18.78 

22.47 

1.29 

1.45 

1.53 

1.57 

1.61 

1.63 

A-589b 

1 

4.55 

8.03 

11.31 

13.85 

18.18 

21.83 

1.36 

1.49 

1.56 

1.59 

1.64 

1.65 

2 

4.61 

8.13 

11.43 

13.99 

18.37 

22.04 

1.36 

1.48 

1.55 

1.58 

1.62 

1.64 

A- 590 

1 

4.50 

7.98 

11.23 

13.75 

18.07 

21.71 

1.35 

1.49 

1.57 

1.60 

1.63 

1.67 

A-  591 

1 

4.51 

8.01 

11.24 

13.76 

18.03 

21.63 

1.37 

1.50 

1.57 

1.61 

1.66 

1.67 

2 

4.35 

7.70 

10.81 

13.22 

17.34 

— 

1.44 

1.56 

1.64 

1.68 

1.71 

— 

A-  592 

1 

4.60 

8.09 

11.34 

13.85 

18.15 

— 

1.36 

1.49 

1.57 

1.60 

1.65 

— 

2 

4.48 

7.85 

11.03 

13.49 

17.66 

— 

1.44 

1.54 

1.61 

1.64 

1.72 

— 

RX- 18- AJ 

1 

5.29 

9.36 

13.13 

16.05 

21.00 

— 

1.16 

1.29 

1.35 

1.39 

1.44 

— 

2 

5.25 

9.19 

12.83 

15.65 

— 

— 

1.21 

1.33 

1.40 

1.44 

— 

— 

RX  - 1 1  -  AW 

1 

5.21 

9.08 

12.69 

15.45 

— 

— 

1.23 

1.35 

1.42 

1.46 

— 

— 

2 

4.98 

8.66 

12.08 

14.74 

19.24 

— 

1.23 

1.41 

1.48 

1.52 

1.58 

— 

RX- 1 1  -  AX 

2 

5.02 

8.73 

12.17 

14.83 

— 

— 

1.24 

1.41 

1.48 

1.53 

— 

— 

RX-ll-AY 

2 

5.30 

9.08 

12.58 

15.28 

19.88 

— 

1.22 

1.39 

1.46 

1.50 

1.55 

— 

RX-ll-AZ 

2 

6.21 

10.65 

14.67 

17.75 

22.86 

— 

1.08 

1.19 

1.28 

1.32 

1.41 

— 

Aluminum 

and  Perchlorate  System 

RX-25-AA 

1 

5.66 

9.42 

12.81 

15.39 

19.70 

_ 

1.22 

1.42 

1.52 

1.58 

1.65 

— 

2 

4.78 

8.16 

11.33 

13.74 

17.83 

21.22 

1.34 

1.53 

1.63 

1.68 

1.74 

1.79 

a2-in.-diam  cylinder  tests  are  normalized  to  1-in. -diam  by  listing  0.5  X  actual  R-RQ,  0.5  X  actual 
time,  and  velocity  unchanged. 

^Reference  formulation. 
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listed  in  Table  2  show  that  -75%  of  the  alumi¬ 
num  reacted  during  the  time  of  the  2-in.-diam 
experiment. 

Perchlorate- Containing  Explosives 

Perchlorates,  because  of  their  high  density 
and  excess  oxygen,  have  potential  as  additives 
in  propellant  and  explosive  formulations.  The 
RUBY -calculated  performance  of  HMX  with 
lithium  perchlorate  (LP),  ammonium  per¬ 
chlorate  (AP),  and  potassium  perchlorate  (KP), 
Fig.  4,  indicated  that  all  these  systems  are  po¬ 
tentially  very  energetic.  As  a  result,  we  in¬ 
vestigated  their  metal  accelerating  ability  as 
functions  of  perchlorate  particle  size  and  amount 
of  plastic  binder.  The  results  are  discussed  be¬ 
low.  It  should  be  noted  that  our  choice  of  bind¬ 
ers  was  somewhat  limited  because  of  stability 
and  sensitivity  considerations,  and  that  in  gen¬ 
eral  all  the  formulations  were  fairly  sensitive. 

HMX -Ammonium  Perchlorate- Viton.  The 
explosive  RX-1 1-BA  containing  38  wt  %  5/u  per¬ 
chlorate  represents  the  most  energetic  ammo¬ 
nium  perchlorate  explosive  tested.  Figure  5 
shows  how  the  energy  of  this  system,  containing 
a  minimum  of  binder,  varies  with  composition. 
Figure  6  shows  the  actual  wall  velocities  rela¬ 
tive  to  HMX  for  scaled  l-in.-diam  and  2-in.- 
diam  cylinder  tests,  indicating  a  diameter  ef¬ 
fect  of  about  1-1/2%  in  wall  velocity.  This 
small  diameter  effect  and  the  high  performance 
level  suggest  that  the  excess  oxygen  from  the 
perchlorate  actually  has  reacted  with  the  HMX 
detonation  products  in  the  time  scale  of  our  ex¬ 
periment. 

HMX-  Potassium  Perchlorate  - Polyethylene. 
Figure  7  shows  how  the  energy  of  potassium  per- 

chlorate  formulations  varies  with  composition. 
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Fig.  3  —  Rate  of  aluminum  reaction  in  alumi¬ 
nized  LX-04 
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Fig.  4  —  RUBY-calculated  HMX-perchlorate 
performance  assuming  complete  reaction 
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Fig.  2  —  Performance  of  aluminized  LX-04 
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Fig.  5 — Performance  of  the  most  energetic 
ammonium  perchlorate  formulation 
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Fig.  6  —  Diameter  effect  in  cylinder  tests  using 
RX- 1 1  -  BA 
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Fig.  7  —  Performance  of  the  most  energetic 
potassium  perchlorate  formulation 


Fig.  8  —  Rate  of  potassium  perchlorate  reaction 
as  a  function  of  particle  size  in  polyethylene 
formulations 


Our  most  energetic  formulation,  contain¬ 
ing  34  vol  %  of  3/u  potassium  perchlorate,  was 
fired  in  both  cylinder  and  detonation  pressure 
tests.  The  results  indicate  that  this  explosive 
delivered  its  maximum  possible  energy  in  the 
2-in.-diam  cylinder  test.  However,  when  for¬ 
mulations  containing  10 n  and  44/u  potassium  per¬ 
chlorate  were  tested,  considerably  less  than 
maximum  performance  was  observed.  Figure  8 
shows  the  amount  of  perchlorate  reacted  as  a 
function  of  time,  based  on  a  linear  interpolation 
similar  to  that  used  with  the  aluminum-loaded 
explosive. 

HMX- Ammonium  Perchlorate- Polybutadiene. 
To  see  what  effect  large  amounts  of  a  nonener- 

getic  binder  would  have  on  the  performance  of 
ammonium  perchlorate-HMX  explosives,  con¬ 
ventional  propellant  technology  was  used  to  fab¬ 
ricate  a  series  of  compositions  containing  25 
vol  %  polybutadiene.  Charges  containing  0,  5, 

15  and  25  vol  %  6/u  ammonium  perchlorate  were 
fired  in  cylinder  and  detonation  pressure  tests. 
RUBY  calculations  and  cylinder  experimental 
results  for  these  systems  are  presented  in 
Fig.  9.  The  data  indicate  that  maximum  pos¬ 
sible  performance  (i.  e. ,  complete  reaction) 
was  obtained  even  with  this  large  amount  of 
polybutadiene  present. 

HMX -Potassium  Perchlorate- Polybutadiene. 
The  effect  of  large  amounts  of  a  nonenergetic 

binder  on  the  performance  of  potassium 
perchlorate-HMX  systems  was  also  explored, 
using  ~27  vol  %  polybutadiene.  Formulations 
containing  25  vol  %  3/u,  9/u,  or  15 n  potassium 
perchlorate  and  40  vol  %  3/u  or  9 (j.  potassium 
perchlorate  were  fired  in  cylinder  and  detona¬ 
tion  pressure  tests.  Figure  10  presents  RUBY 
calculations  and  cylinder  test  results  for  these 
explosives.  In  contrast  to  the  higher  energy. 
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Fig.  9  —  Performance  of  HMX -ammonium  per¬ 
chlorate  with  25  vol  %  polybutadiene  binder 
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hotter  formulation  RX-ll-AF,  these  explosives 
did  not  exhibit  maximum  possible  performance. 

Figure  1 1  presents  the  fraction  of  potassium 
perchlorate  reacted  as  a  function  of  time.  Sig¬ 
nificant  reaction  takes  place  over  a  30  /usee  time 
scale.  Increasing  the  particle  size  from  3/u  to 
15/u  decreases  the  amount  of  perchlorate  reacted, 
as  does  increasing  the  concentration  of  9/u  per¬ 
chlorate  from  25  to  40  vol  %. 

Also,  comparison  of  the  data  for 
polybutadiene -ammonium  perchlorate  and 
polybutadiene -potassium  perchlorate  formula¬ 
tions  indicates  that  the  potassium  systems  de¬ 
liver  their  energy  more  slowly.  This  is  con¬ 
sistent  with  the  fact  that  ammonium  perchlorate 
contributes  energy  on  its  own,  whereas  potas¬ 
sium  perchlorate  must  react  with  HMX  products 
or  the  binder  to  release  energy. 

Slurry  System.  The  performance  of  ammo- 
nium  perchlorate  and  potassium  perchlorate  in 
HMX- slurry  formulations  was  investigated. 
Slurries  were  found  to  be  experimentally  con¬ 
venient  for  investigating  the  effect  of  oxidizer 
particle  size.  A  low-energy  liquid  (ethyl-4,  4- 
dinitropentanoate  with  1%  Cab-O-Sil  gelling 
agent)  at  a  level  of  36  vol  %  was  used  to  suspend 
the  solid  ingredients.  Charges  containing  17 
vol  %  of  5 p,  90/u,  and  200/u  ammonium  per¬ 
chlorate  and  35  vol  %  of  3/u  potassium  per¬ 
chlorate  were  fired  in  1-in.  and/or  2-in.  cylin¬ 
der  tests.  Both  the  5/u  ammonium  perchlorate 
and  the  3/u  potassium  perchlorate  delivered 
nearly  their  maximum  possible  energy  (see 
Fig.  12).  However,  the  90/u  and  200/u  ammoni¬ 
um  perchlorate  showed  reaction  over  a  30  /u sec 
time  scale  (see  Fig.  13). 

HMX- Lithium  Perchlorate.  The  most  ener- 
getic  system  we  tested  contained  74  wt  %  HMX 
and  26  wt  %  lithium  perchlorate  (RX-22-AG). 

This  composition  has  a  measured  calorimetric 
heat  of  detonation  of  1.63  keal/g  compared  to 
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Fig.  10  —  Performance  of  HMX-potassium  per¬ 
chlorate  with  27  vol  %  polybutadiene  binder 


Fig.  11  —  Rates  of  reaction  for  potassium  per¬ 
chlorate  in  HMX -27  vol  %  polybutadiene  formu¬ 
lations 
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Fig.  12  —  Performance  of  ammonium  and  po¬ 
tassium  perchlorate  in  HMX- 3 8  vol  %  EDNP 
slurries 


Fig.  13  —  Rate  of  perchlorate  reaction  in 
HMX-38  vol  %  EDNP  slurries 
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1.48  kcal/g  for  HMX.  Comparison  of  RUBY  cal¬ 
culations  with  the  experimental  results  (Fig.  4) 
shows  that  even  in  the  l-in.-diam  cylinder  test 
a  major  fraction  of  the  lithium  perchlorate  took 
part  in  the  detonation  reaction. 

The  RX-22-AG  composite  was  prepared  by 
mixing  and  pressing  in  a  dry  atmosphere.  In 
general,  this  and  related  formulations  are  dif¬ 
ficult  to  handle  and  are  very  sensitive.  Extreme 
caution  should  be  exercised  in  working  with  such 
formulations. 

HMX- Aluminum- Ammonium  Perchlorate  - 
V iton  Explosive.  All  the  aluminum-loaded  H MX 
systems  discussed  above  are  deficient  in  oxy¬ 
gen.  RX-25-AA  was  formulated  to  see  if  adding 
ammonium  perchlorate  to  improve  oxygen  bal¬ 
ance  would  significantly  increase  performance. 
Small  particle  size  {b/u)  aluminum  and  ammoni¬ 
um  perchlorate  were  used  to  maximize  the  pos¬ 
sibility  of  fast  reaction.  Results  from  l-in.- 
diam  and  2-in.-diam  scaled  cylinder  tests  are 
presented  in  Fig.  14.  The  large  diameter  effect 
and  steadily  increasing  relative  cylinder  wall 
velocity  indicate  a  very  nonideal  detonation. 
Oxidizer-fuel  reactions  are  taking  place  on  a 
time  scale  as  long  as  40  /usee  (2-in.-diam  test). 
Even  so,  the  metal  accelerating  ability  of  this 
explosive  in  the  2-in.-diam  test  is  about  equal 
to  cyclotol  [1].  This  is  an  extreme  example  of 
an  explosive  for  which  performance  predictions 
based  on  detonation  pressure  or  detonation  ve¬ 
locity  measurements  would  be  grossly  in  error. 

SUMMARY  AND  CONCLUSIONS 

The  experiments  discussed  above  show  that 
aluminum  and  inorganic  perchlorates  can  be 
used  effectively  in  plastic-bonded  HMX  explo¬ 
sives  to  accelerate  metal.  In  general,  metal 
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Approx  time  for  1-in.  diam  test  —  psec 

Fig.  14 — Cylinder  test  results  for  HMX- 
ammonium  pe r chlorate- aluminum -Viton  explo¬ 
sive,  RX-25-AA 


acceleration  by  these  composites  is  no  better 
than  that  of  the  simple  explosives  previously  in¬ 
vestigated  [1].  The  rate  of  acceleration,  how¬ 
ever,  is  significantly  slower  and  can  be  varied. 

Our  experiments  have  not  yielded  detailed 
mechanisms  of  transport  and  reaction  in  com¬ 
posite  explosives.  However,  we  have  demon¬ 
strated  that  composite  explosives  using  oxidants 
and  fuels  in  selected  particle  sizes  (3 fji  to  200/u) 
react  in  times  short  enough  to  influence  the  re¬ 
sults  of  hydrodynamic  experiments.  The  reac¬ 
tion  time  can  be  adjusted  by  changing  the  par¬ 
ticle  size,  and  furthermore  the  experimental 
results  fall  within  the  limits  predicted  by  RUBY 
calculations.  These  results  point  the  way  to 
further  experimental  and  theoretical  studies  of 
nonideal  detonations. 
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FAILURE  DIAMETER,  SENSITIVITY  AND  WAVE  STRUCTURE 


in 

SOME  BIS-DIFLUOROAMINO  ALKANES* 
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Failure  diameters  and  shock  reaction  times  have  been  determined  for  all  four 
bis(difluoroamino)propane  isomers  and  some  of  the  butanes,  including  two  homologs.  The 
difference  between  the  failure  diameters  of  the  vicinal  (for  1,2-DP;  1.6  mm)  and  geminate 
(for  2,2-DP;  4.0  mm)  compounds  presents  a  striking  example  of  the  dependence  of  a  tran¬ 
sient  detonation  characteristic  on  isomeric  structure.  Measured  shock  reaction  times  show  a 
difference  consistent  with  the  failure-diameter  difference  on  the  basis  of  Dremin’s  mecha¬ 
nism  for  the  dark-wave  mode  of  failure  and  reinitiation.  The  reaction  times  for  the  difluoro- 
amino  butanes  are  indistinguishable  from  the  homologous  propanes,  but  the  failure  diameters 
are  several  times  larger  (IBA  and  2,3  DB;  9.5  mm).  Rotating  mirror  camera  photographs  of 
failure  in  the  butanes  and  brass  pressure  indentation  plates  of  failure  in  the  propanes  suggest 
strongly  that  failure  for  these  compounds  is  always  by  the  dark  wave  mode.  The  pressure 
gradient  in  the  dark  wave,  the  magnitude  of  the  pressure  at  failure,  differences  in  heat  of 
reaction,  and  differences  in  heat  capacity  all  enter  into  determination  of  the  failure  diameter. 


INTRODUCTION 

Equilibrium  properties  of  detonations  in  condensed 
materials  have  for  over  twenty-five  years  been  treated  with 
considerable  success  according  to  the  Chapman-Jouguet 
hypothesis.  The  details  of  the  wave  structure  have  been  pic¬ 
tured  according  to  the  model  of  the  steady  wave  proposed 
independently  by  von  Neumann  ( 1 ),  Zel’dovich  (2)  and 
Doering  (3)  (NZD).  The  NZD  theory  has  in  turn  suggested  a 
model  for  the  kinetic  behavior  of  the  wave  which  permits  a 
plausible  explanation  for  its  transient  behavior.  However, 
this  kinetic  model  is  less  satisfactory  than  the  steady  state 
model  and  has  failed  to  explain  several  experimental  facts 
that  have  been  known  for  a  long  time.  Perhaps  the  earliest 
sign  of  trouble  was  the  discovery  that  glass-confined  liquids 
failed  at  large  diameters  and  furthermore  failed  at  a  velocity 
only  1%  below  the  rate  at  infinite  diameter  (4,  5).  According 
to  proposals  made  on  the  basis  of  the  NZD  model  of  the 
reaction  zone,  failure  is  the  result  of  diameter  effect  carried 
to  the  extreme;  divergence  of  flow  prevents  some  of  the 
late-released  energy  from  supporting  the  wave.  This  produces 
a  weakened  preceding  shock  in  the  unreacted  material,  which 
in  turn  greatly  slows  the  reaction,  so  that  still  less  effective 
support  is  given,  and  the  result  is  cumulative.  This  might 
explain  why  failure  would  be  expected  to  occur  rapidly  once 
the  diameter  had  been  reduced  sufficiently  to  have  a  notice¬ 
able  effect  on  the  velocity.  But  it  does  not  explain  why 
failure  occurs  at  a  velocity  only  60  m/sec  below  the  infinite- 
diameter  rate.  Presumably  detonation  velocity  is  controlled 
by  divergence  as  proposed  in  the  current  diameter-effect 
theories.  However,  failure  is  not  directly  controlled  by 
divergence;  “dark  waves”  (5,  6)  seem  to  be  its  cause,  and, 
while  dark  waves  must  be  affected  by  the  degree  of  diver¬ 
gence,  the  direct  effects  of  divergence  are  apparently  not 
crucial  in  determining  failure  diameter. 


DIFLUORAM1NES  FOR  THE  STUDY  OF  TRANSIENT 
DETONATION  PROPERTIES 

The  availability  of  all  four  bis-difluoroamino  propane 
isomers  and  several  of  the  bis-difluoroamino  butanes  presents 
a  unique  opportunity  to  compare  the  transient  detonation 
behavior  of  very  similar  explosives.  The  nature  of  the  active 
groups  and  the  number  of  active  groups  is  the  same  in  all 
these  compounds.  The  differences  lie  in  the  arrangement  of 
the  active  groups  and  hydrogen  atoms  on  each  carbon  atom; 
among  the  propanes,  the  2,2-difluoroamino  compound  has 
no  hydrogen  atoms  on  the  fluroramino-bearing  carbon 
[CH3C(NF2)2CH3,  (2,2-DP)] ;  the  1,1  isomer  has  one  hydro¬ 
gen  atom  [CH(NF2)2CH2CH3,  (1,1-DP)] ;  the  1,2  isomer 
has  two  fluoroamino-bearing  carbons,  one  with  one  hydrogen 
and  one  with  two  [CH2NF2CHNF2CH3(  1 ,2-DP)] ;  and  the 
1 ,3  isomer  has  two  such  carbon  atoms,  each  with  two  hydro¬ 
gens  and  a  fluoroamino  group  [CH2NF2CH2CH2NF2(  1,3-DP)] . 
Some  of  the  available  butanes  are  exact  isomers;  namely, 

1 ,2-bis-difluroamino-n-butane  and  2,2-bis-difluoroamino-n- 
butane.  However,  the  most  plentiful  butane,  and  the  one 
with  which  most  of  our  experiments  were  done,  called 
“isobutylene  adduct”  [(CH3)2CNF2CH2NF2(IBA)1 ,  con¬ 
tains  one  fluoroamino-bearing^carbon  wilh  no  hydrogen  and 
one  with  an  active  group  and  two  hydrogens.  Thus,  these 
compounds  should  display  the  effects  of  isomeric  structure 


*Work  performed  for  the  Office  of  Naval  Research  under 
Contract  NONR  3760. 

♦♦Present  address:  Menlo  College,  Menlo  Park,  California 
♦♦♦Present  address:  Evans  Associates,  14511  De  Bell  Drive, 
Los  Altos  Hills,  California 


64 


Seely,  et  al 


and  also  the  effect  of  “internal  dilution”-a  term  used  to 
designate  the  addition  of  the  CH2  group  to  the  propanes  to 
form  the  homologous  butanes. 

The  purity  of  our  samples  of  difluoroamino  propanes 
and  butanes  was  checked  by  infrared  spectroscopy  and  chro¬ 
matographic  analysis  and  estimated  to  be  99%  or  better. 


propane  isomers,  since  the  difference  in  shock  conditions 
may  be  expected  to  be  minor  and  major  differences  in  shock 
sensitivity  may  be  expected  to  arise  mainly  from  differences 
in  reactivity.  To  obtain  a  reactivity  measurement  under  actual 
conditions  in  shocks  and  thus  avoid  many  difficulties,  we 
have  measured  the  time  to  run-away  reaction  after  shocks 
of  various  magnitude  have  been  introduced. 


All  the  propanes  have  very  closely  the  same  thermo¬ 
dynamic  properties;  the  equilibrium  detonation  properties 
are  expected  to  be  indistinguishable.  The  physical  properties 
such  as  density,  expansion  coefficient,  and  sound  velocity 
are  also  nearly  the  same;  therefore,  the  shock  properties  of  all 
the  propanes  are  similar.  Some  of  the  pertinent  physical  prop¬ 
erties  are  given  in  Table  I.  Transient  detonation  properties, 
i.e.,  those  exhibited  during  approach  to  or  departure  from  a 
steady  state,  may  well  depend  on  structure. 

TABLE  I 

Some  Physical  Constants  of  Bis(difluoroamino)alkanes 
IJ.Chem.  Eng.  Data,  15  140(1970)1 


Compound  Density  p  Sound  Coefficient 

gem'3  Velocity,  c  of  Expansion 

cm  sec'1  a25 


5  deg  C 

40  deg  C 

deg' 

1 

1,2-DP 

1.296 

1.241 

0.96 

X 

10s 

1.26  x 

10‘3 

2,2-DP 

1.287 

1.245 

0.89 

X 

10s 

1.34  x 

10-3 

1.2-DB 

1.245 

1.202 

1.00 

X 

10s 

1.18  x 

10'3 

IBA 

1.242 

1.193 

0.90 

X 

10s 

1 . 1 5  x 

I0'3 

Among  the  transient  detonation  properties,  failure 
diameter  is  one  of  the  easiest  to  define.  Ideally,  it  is  the 
smallest  diameter  at  which  a  very  long  charge  would  continue 
to  detonate.  In  practice,  one  must  use  relatively  short  charges, 
and  consequently  the  booster  size  and  the  conditions  of 
introduction  of  the  wave  into  the  liquid  require  careful  con¬ 
trol.  Further  practical  considerations  require  the  provision  of 
a  smooth  confining  wall  and  the  absence  of  any  foreign 
material  within  the  body  of  the  liquid. 


Our  measurements  of  reaction  time  were  in  gap-test¬ 
like  geometry.  Advantages  are  the  good  reproducibility  and 
simplicity  of  gap  tests.  The  disadvantage  is  that  the  measure¬ 
ment  applies  to  a  divergent  flow  field.  Plane  wave  measure¬ 
ments  are  preferable  insofar  as  the  wave  is  truly  plane,  but 
in  practice  perturbations  on  the  wave  are  often  responsible 
for  the  reaction.  Furthermore,  divergent  flow  fields  are 
encountered  at  failure  diameter.  It  is  perhaps  no  more  dif¬ 
ficult  to  use  data  from  a  flow  field  in  which  the  divergence 
is  not  the  correct  value  (but  approaches  it)  than  it  is  to  use 
data  from  a  field  in  which  there  is  no  divergence  at  all.  In  any 
case,  our  reaction  times  are  for  flow  of  unspecified  but 
definite  divergence.  For  those  conditions  the  sensitivity  is  an 
asymptot  to  the  measured  reaction  times. 

FAILURE  DIAMETER 

Failure  diameters  for  the  difluoroamino  propanes  and 
butanes  were  determined  in  charges  indicated  in  Fig.  1 .  Lead 
was  chosen  as  the  confinement  material  because  of  its  low 
sound  velocity  and  its  high  density  (providing  “good”  con¬ 
finement).  For  purposes  of  this  study,  we  were  concerned 
with  the  failure  of  the  high  order  wave,  although  for  safety 
purposes  one  might  wish  to  use  a  different  criterion.  It  was 
noted  that  low-velocity  waves  exist  below  our  failure 
diameter  for  all  the  difluoroamino  compounds  tested. 

The  criterion  of  detonation  was  a  velocity  measurement, 
which  in  reality  was  a  transit-time  measurement  over  the 
entire  length  of  the  column.  There  is  good  evidence  to  show 
that  pins  in  the  liquid  or  gauges  mounted  in  the  walls  produce 
failures  and  thus  distort  the  results.  The  first  signal  was  taken 
from  a  pair  of  1 /2-mil  copper  foils  between  the  booster  and 
the  1  /2-mil  Tedlar  (8)barrier  that  was  cemented  to  the 
bottom  of  the  lead  block.  The  second  signal  came  from  a 


For  our  tests  very  thick-walled  lead  confinement  was 
used  to  reduce  the  size  of  the  charges.  Lead  turned  out  to  be 
a  convenient  material  because  a  method  of  forming  holes  with 
mirror-smooth  walls  was  found  for  lead.  A  smooth  rod  with  a 
hemispherical  end  was  forced  through  lead  with  an  arbor 
press;  the  hole  size  was  the  size  of  the  rod.  Using  this  tech¬ 
nique,  holes  over  64  diameters  long  could  be  produced  0.8  mm 
in  diameter.  At  smaller  diameters  the  rod  was  quite  flexible 
and  tended  to  wander. 

Sensitivity  is  a  particularly  hard  property  to  define  and 
quantify.  It  is  clear  in  general  terms  that  the  shock  sensitivity 
of  a  meterial  to  detonation  is  related  to  the  ease  with  which 
reaction  can  be  started  in  the  material,  but  it  is  not  clear  that 
ordinary  chemical  reactivities  can  be  extrapolated  to  the  con¬ 
ditions  existing  in  initiating  shocks.  It  has  also  been  clear  that 
sensitive  compounds  have  small  failure  diameters,  but  the 
exact  empirical  relationship  is  not  likely  to  be  obvious  from 
experimental  data  on  a  variety  of  compounds  since  many 
other  factors  affect  conditions  in  the  shock.  For  comparison, 
it  is  particularly  valuable  to  have  the  bis(difluoroamino) 


FIG.  1.  FAILURE-DIAMETER  CHARGE.  Failure  or 
detonation  was  determined  by  the  velocity  calculated  from 
the  transit  time  measured  between  a  pair  of  foils  at  the  end 
of  the  booster  and  a  pin  at  the  end  of  the  lead  block 
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common  pin  held  so  that  its  head  was  positioned  exactly  at 
the  top  of  the  lead  over  the  hole  holding  the  liquid.  The  head 
was  immersed  because  of  the  meniscus  of  the  liquid. 


Difluoroamino  liquids  are  conductive  enough  to  reduce 
the  voltage  between  the  pin  and  the  lead  block.  The  detona¬ 
tion  products  also  do  not  produce  clean  signals  at  low 
voltages.  A  satisfactory  system  was  developed  using  300  volts 
and  a  rather  large  capacitor  across  the  terminal  pin.  This 
resulted  in  deflection  of  the  trace  off  scale  at  the  end  of  the 
record,  but  the  break  in  the  trace  was  easy  to  read. 


The  question  arose  as  to  whether  the  velocity  calculated 
from  two  time  signals  was  a  measure  of  a  relatively  constant 
velocity  or  the  average  of  perhaps  two  widely  different  veloci¬ 
ties  over  different  sections  of  the  charge.  In  general  it  seems 
to  represent  a  single  velocity.  However,  very  close  to  failure 
diameter  intermediate  velocities  are  calculated  and  here  it 
seems  likely  part  of  the  travel  is  at  high  velocity,  part  at  low. 


Below  failure  diameter  of  the  C-J  velocity  the  question 
of  constant  velocity  for  the  low-velocity  regime  becomes  very 
important.  For  this  low  velocity  in  1,2-DP  wave,  tests  were 
made  at  four  different  charge  lengths:  16,  32,  64  and  96 


FIG.  2.  FAILURE  DIAMETERS  FOR  1,2-DP  AND 
2,2-DP.  The  average  velocity  over  the  entire  length  of  the 
lead  block  is  plotted  against  the  diameter  of  the  liquid  ex¬ 
plosive.  The  failure  diameter  is  indicated  by  the  drop  from 
C-J  velocity  (6mm/psec)  to  about  one  third  this  value 
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FIG.  3.  FAILURE  DIAMETERS  FOR  1,3-DP  AND 
1 , 1  -DP.  The  apparent  slight  difference  between  the  failure 
diameters  of  1,1-DP  and  2,2-DP  (Fig.  2)  is  consistent  with 
the  difference  in  structure,  but  may  not  be  real 


diameters  long.  Except  for  a  slightly  higher  velocity  in  the 
short  tubes,  the  velocity  was  constant,  in  this  case  at  about 
1.7  mm/jLisec.  Although  the  experimental  precision  of  these 
measurements  is  not  very  high  the  results  seem  to  indicate  a 
definite  regime.  The  case  of  nitromethane  is  quite  different; 
below  failure  diameter  of  the  C-J  wave  no  low  velocity  wave 
is  recorded. 

As  a  result  of  much  testing  it  was  found  that  it  was  very 
important  to  have  the  diameter  of  the  booster  greater  than 
the  charge  diameter  and  also  that  the  mass  of  the  booster 
should  be  larger  than  some  minimum.  Failures  will  result 
above  the  true  failure  diameter  if  both  these  requirements 
are  not  met.  Proper  determination  of  the  failure  diameter 
requires  that  the  change  from  detonation  to  failure  be  due  to 
diameter  alone.  In  practice  it  is  necessary  to  demonstrate 
that  the  same  failure  diameter  is  obtained  over  a  range  of 
booster  strengths.  Otherwise,  what  are  thought  to  be  failure 
diameter  tests  may  in  fact  be  sensitivity  tests. 

Results  of  failure  diameter  tests  are  summarized  in 
Figs.  2,  3  and  4.  Tests  run  to  determine  the  correct  booster 
size  have  not  all  been  included  on  the  graphs. 
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Figure  2  shows  the  results  of  failure  diameter  tests  on 

1.2- DP.  The  wave  velocity  was  calculated  from  the  total 
length  of  the  heavy-walled  lead  block  and  the  transit  time 
measured  electronically;  it  thus  represents  an  average  velocity. 
An  increase  to  a  high  velocity  wave  occurred  between  1.6  and 
2.0  mm.  The  intermediate  velocities  recorded  at  1.6  mm 
indicate  that  this  is  very  close  to  the  actual  failure  diameter. 
The  fact  that  the  same  failure  diameter  could  be  produced  by 
two  booster  sizes  indicates  that  the  test  is  a  true  failure- 
diameter  determination. 

The  results  for  2,2-DP  are  also  shown  in  Fig.  2.  With 
this  material  many  of  the  boosters  were  too  small,  apparently 
because  the  difference  in  sensitivity  between  1 ,2-DP  and 

2.2- DP  is  emphasized  at  small  diameter.  The  failure  diameter 
at  4.0  mm  was  confirmed  with  two  booster  sizes.  Twelve 
additional  low  velocity  results  with  small  boosters  at  large 
diameters  are  not  shown  on  the  plot. 

Although  1,1 -DP  is  a  relatively  rare  material,  fifteen 
experiments  were  performed  in  2-inch-diameter  lead  billets 
using  RDX  pellets  of  four  different  diameters.  The  results  are 
shown  in  Fig.  3.  It  was  necessary  to  use  pellets  7.94  x  7.94  mm 
in  diameter  or  greater  to  obtain  high  velocity  waves.  At  a  hole 
diameter  of  3.57  mm  both  slow  and  fast  velocities  were 
obtained.  This  suggests  that  the  failure  diameter  is  very  close 
to  3.57  mm  and  may  be  different  than  the  4.0  mm  displayed 
by  2,2-DP.  However,  with  the  small  number  of  results  for 
1,1 -DP  we  are  probably  not  justified  in  distinguishing  its 
failure  diameter  from  that  of  2,2-DP. 

The  1 ,3  isomer  is  also  a  relatively  scarce  compound,  and 
as  a  result  the  failure  diameter  was  estimated  with  the  small 
number  of  shots,  also  shown  in  Fig.  3.  The  failure  diameter 
appears  to  be  1 .6  mm  as  was  the  case  for  1 ,2-DP. 

Failure  diameters  were  also  measured  for  two  difluoro- 
amino  butane  compounds,  2,3-DB  (a  d,l -mixture)  and  1BA 
(the  isobutylene  adduct).  The  results  for  the  two  compounds 
are  shown  in  Fig.  4.  Both  failure  diameters  are  about  9.5  mm. 

It  would  require  more  extensive  data  to  establish  a  difference 
between  these  two  compounds. 


HOLE  DIAMETER  -  mm 

TA-  8525-11 

FIG.  4.  FAILURE  DIAMETERS  FOR  IBA  AND 
2,3-DB.  The  small  number  of  tests  on  2,3-DB  in  the  failure 
region  prevent  us  from  distinguishing  the  failure  diameters 
of  the  two  compounds 


The  values  for  the  failure  diameters  of  the  difluoro- 
amino  propanes  are  of  particular  significance  because  a  very 
clear  difference  has  been  established  between  1 ,2-DP  and 

2,2-DP.  On  the  other  hand,  the  physical  properties  of  these 
two  materials  are  very  similar  and  calculations  using  a  Cy(T) 
equation  of  state  show  almost  identical  shock  temperatures 
(9).  In  other  words,  the  difference  in  failure  diameters  is  to 
be  looked  for  in  the  reaction  mechanism  rather  than  the 
temperature  effect  on  the  rate  constant. 

Failure  in  IBA  at  about  1  cm  diameter  can  be  photo¬ 
graphed  with  the  smear  camera;  the  geometry  is  sufficiently 
large  to  gather  light  from  within  the  tube,  although  vignet¬ 
ting  is  pronounced  and  the  depth  of  field  is  small.  It  is  sig¬ 
nificant  that  all  the  failures  observed  optically  have  been  in 
the  dark-wave  mode  even  when  all  precautions  were  taken  to 
avoid  all  extraneous  conditions  known  to  cause  dark  waves. 

REACTION  TIMES 

Because  of  the  difficulty  of  calculating  shock  condi¬ 
tions  in  liquids  and  the  added  difficulty  of  using  ordinary 
chemical  reaction  parameters  at  these  conditions  even  if 
correctly  calculated,  we  have  measured  the  time  to  comple¬ 
tion  of  reaction  in  shocked  difluoroamino  liquids. 

The  container,  incorporating  a  jacket  for  temperature 
control,  is  shown  in  Fig.  5.  The  shock  entered  the  liquid 
through  the  bottom  of  the  box  through  a  PBX  9404  pellet 
2  inches  long  and  2  inches  in  diameter  initiated  centrally  at 
one  end  ( 1 0).  The  density  of  this  pellet  was  1 .82  g/cm3 .  To 
avoid  wall  reactions,  the  inside  diameter  of  the  box  was  2lA 
inches.  Variation  of  peak  pressure  was  provided  by  changing 
the  thickness  of  an  attenuator  of  CR-39  (11).  The  peak 
pressure  generated  by  this  system  was  determined  by  careful 
measurement  of  the  transit  times  through  various  thichnesses 
of  CR-39  together  with  a  determination  of  the  free  surface 
velocity  or,  alternatively,  by  means  of  a  manganin-wire  or 
quartz  pressure  gauge.  The  system  has  the  inherent  difficulty 
that  the  shape  of  the  pressure  pulse  is  to  some  degree  different 
at  each  attenuator  thickness.  Thus,  two  liquids  of  different 
acoustic  impedences  can  never  experience  exactly  the  same 


FIG.  5.  CONTAINER  FOR  DETERMINING  SHOCK 
REACTION  TIME.  A  rotating  mirror  camera  viewed  the 
charge  end-on  through  the  top.  The  reaction  time  was  mea¬ 
sured  as  the  time  from  the  entrance  of  the  shock  into  the 
liquid  to  the  first  appearance  of  light.  The  peak  pressures 
in  the  plastic  were  determined  by  both  optical  and  gauge 
measurements 
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pulse  with  this  system.  Nevertheless,  for  appreciable  atten¬ 
uator  thicknesses  it  is  useful  to  compare  effects  at  the  same 
pressure. 

The  reaction  times  for  several  difluoroamino  liquids 
have  been  reported  in  a  paper  preprinted  for  this  symposium 
(7).  Curves  drawn  to  represent  some  of  those  data  are  shown 
in  Fig.  6.  The  times  are  measured  from  the  time  of  entrance 
of  the  shock  into  the  liquid  to  the  appearance  of  the  detona¬ 
tion  light  at  the  attenuator-liquid  interface.  The  overtake 
time-the  time  required  for  the  overdriven  wave  to  overtake 
the  original  shock-is  a  check  that  the  initiation  is  proceeding 
according  to  the  mechanism  discovered  by  Campbell  et  a_l  (12). 
Variations  in  overtake  time  mean  initiation  is  taking  place  at 
various  positions  in  the  shocked  liquid,  and  are  an  indication 
that  the  reaction  time  under  these  particular  conditions  is 
not  valid  as  a  measurement. 


FIG.  6.  SHOCK  REACTION  TIMES.  Curves  represent 
data  from  Ref.  7  for  1,2-DP,  2,2-DP  and  IBA.  A  single 
result  is  shown  for  1 ,2-DB 


In  Fig.  6  it  is  clear  that  the  reaction  time  for  2,2-DP  is 
longer  at  a  given  pressure  than  the  reaction  time  of  1,2-DP  or, 
more  directly,  that  a  higher  pressure  is  required  to  produce  a 
given  reaction  time  in  2,2-DP  than  in  1 ,2-DP.  Because  of  the 
magnitude  of  the  difference,  this  qualitative  fact  is  quite  clear 
in  spite  of  any  qualifications  we  might  wish  to  make  because 
of  the  difference  in  divergence  at  the  different  attenuator 
thicknesses  or  because  of  the  difference  in  shock  conditions 
deriving  from  differences  in  physical  properties  of  the  isomers. 

The  data  for  IBA  are  clearly  differentiated  from  both  of 
the  propane  isomers  although  they  more  closely  resemble  the 
data  for  the  vicinal  compound.  IBA  is  not  an  exact  homolog 
but  contains  an  active  group  that  is  identical  in  its  position 
to  one  of  the  groups  in  1 ,2-DP.  This  approximate  resem¬ 
blance  and  the  similarity  of  reaction  times  stands  in  contrast 
to  the  great  difference  between  the  failure  diameters  of  IBA 
and  1,2-DP. 


Also  included  in  Fig.  6  is  one  point  for  1 ,2-DB,  the 
exact  homolog  of  1,2-DP.  This  point  indicates  that  the 
reaction  times  for  the  two  compounds  are  indistinguishable. 
The  failure  diameter  of  1 ,2-DB  has  not  been  determined,  but 
from  the  failure-diameter  experiments  on  IBA  and  2,3-DB  it 
would  be  expected  to  be  close  to  9.5  mm.  Other  reaction 
times  of  1 ,2-DB  (at  a  preshock  temperature  of  40°C)  are 
given  elsewhere  (7),  and  these  also  indicate  close  similarity 
to  1,2-DP. 

KINETICS 

On  the  basis  of  electronic  structure  the  strength  of  the 
C-N  bonds  in  2,2-DP  might  well  be  expected  to  be  weaker 
than  those  in  1 ,2-DP;  in  either  case  the  C-N  bond  will  be 
weaker  than  any  other  in  the  molecule.  In  fact,  a  pyrolysis 
experiment  (13)  at  very  low  pressures,  in  which  the  decom¬ 
position  occurred  away  from  the  influence  of  other  mole¬ 
cules,  showed  the  expected  difference  in  strength.  Thus, 
one  would  expect  that  2,2-DP  would  be  more  sensitive  than 

1.2- DP-in  our  terms,  that  a  lower  pressure  would  be  required 
to  cause  reaction  time  of  a  certain  duration.  This  is  the  re¬ 
verse  of  the  actual  situation  in  the  liquid  state  in  a  shock; 

1 .2- DP  reacts  at  a  lower  pressure  than  2,2-DP. 

A  major  part  of  the  difficulty  is  thought  to  arise  be¬ 
cause  we  are  dealing  with  the  liquid  state  and  even  more  so 
because  the  liquids  are  compressed  beyond  normal  densities. 
Not  only  are  reaction  rates  affected;  entirely  new  reaction 
paths  may  become  possible. 

Rates  for  elimination  of  HF  from  difluoroamino  com¬ 
pounds  have  been  run  in  aqueous  solution  by  Brauman  and 
Hill  (14)  who  find  that  HF  will  not  split  out  of  geminate 
difluoroamino  alkanes  in  basic  solution  whereas  it  splits  out 
easily  whenever  the  difluoroamino  group  and  a  hydrogen 
atom  reside  on  the  same  carbon  atom.  While  one  cannot 
maintain  that  the  experiments  in  aqueous  solution  at  room 
temperature  are  pertinent  to  compressed  pure  liquid  in  the 
neighborhood  of  1000°C,  nevertheless  it  is  regarded  as 
plausible  that  the  close  proximity  of  polar  molecules  will 
facilitate  dehydrofluorination.  The  existence  of  this  reaction 
at  carbon  atoms  holding  hydrogen  and  an  active  group  may 
explain  the  greater  reactivity  of  the  non-geminate  compounds. 


central  cavity  contained  the  liquid  against  polished  brass 
faces  so  that  pressure  indentations  were  recorded  at  the 
failure  thickness 
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WAVE  STRUCTURE 

Rotating  mirror  photographs  were  taken  of  detonation 
waves  in  I  BA  and  2,3-DB  near  failure  diameter.  In  all  cases 
in  which  failure  occurred  it  was  seen  to  occur  in  the  dark- 
wave  mode.  Similar  optical  tests  were  quite  difficult  to  make 
on  the  difluoroamino  propanes  because  of  the  small  size  of 
the  explosive  column  in  the  lead  failure  block.  One  method 
of  testing  the  mode  of  failure  in  the  difluoroamino  propanes 
is  by  the  brass  pressu re-writing  technique  using  a  wedge- 
shaped  charge  ( 1 5).  The  charge  assembly  is  shown  in  Fig  7. 
The  experiment  was  pseudo  two  dimensional-initiated  with 
sheet  explosive  along  the  thick  end  of  the  wedge.  For  this 
length  wedge,  the  width  was  not  enough  to  make  the  effect 
truly  two-dimensional,  and  the  joints  between  face  plates 
and  side  plates  may  have  been  the  source  of  dark  waves. 
However,  failure  occurred  at  an  explosive  thickness  about 
twice  the  failure  diameter  in  a  cylindrical  charge,  as  is  to  be 
expected  from  a  comparison  of  the  expressions  for  the  diver¬ 
gence  in  three  and  two  dimensions. 


FAILURE  REGION 


DETONATION 


FIG.  8.  DARK-WAVE  FAILURE  OF  1,2-DP.  The 
inside  surface  of  a  brass  face  plate  recovered  after  a  shot 


A  wedge  plate  from  a  test  with  1 ,2-DP  is  shown  in  Fig.  8. 
The  general  nature  of  the  failure  in  the  dark  wave  mode  can 
be  seen.  Thus,  while  we  are  not  in  a  position  to  prove  that 
other  modes  of  failure  are  impossible,  we  have  only  been 
able  to  develop  evidence  for  dark-wave  failures.  Tests  in 
cylindrical  geometry  have  recently  supported  this  conclusion. 

There  are  also  other  interesting  points  concerning  the 
impressions  left  by  the  pressure  in  the  detonation  wave. 

The  final  broad  dark  waves  that  cause  the  failure  develop 
from  very  finely  structured  lines  that  originate  far  up  the 
charge.  These  fine  lines  are  probably  similar  to  the  fine  dark 
lines  seen  in  mixtures  of  acetone  and  nitromethane.  They 
develop  into  dark  waves  where  the  pressure  is  evidently  low— 
at  least,  low  relative  to  the  regions  of  detonation  around  it. 
Thus  these  dark  lines  are  not  the  primary  transverse  waves 
postulated  by  Dremin  (6)  to  account  for  the  reactivity  in  the 
detonation  wave.  Instead  they  are  regions  where  transverse 
waves  are  absent  and  reinitiation  occurs  almost  immediately. 

The  sharpness  of  the  boundary  at  both  edges  of  the 
dark  waves  almost  certainly  means  that  a  similarly  sharp 
discontinuity  in  pressure  existed  at  this  point  on  the  brass 
surface  at  some  instant  during  the  time  while  the  impression 
was  being  made.  In  terms  of  the  advancing  detonation  front 


this  means  that  the  pressure  suddenly  fell  to  the  pressure 
within  the  non-reactive  shock  wave.  On  reinitiation,  the 
pressure  suddenly  rose  again  when  the  overdriven  detonation 
broke  through  the  front  of  the  low-velocity  wave. 

The  failure  theory  built  on  the  NZD  theory  ( 1 6)  ( 1 7) 
relies  on  calculation  of  the  reaction  time  and  its  relationship 
to  the  shock  wave  speed  in  unreacted  explosive.  Another 
relationship  between  reaction  time  and  the  velocity  is  given 
by  diameter-effect  theories.  The  smallest  diameter  at  which 
both  these  relationships  hold  is  the  failure  diameter.  We 
thus  implicitly  rely  on  wave  curvature  to  produce  failures. 

In  Dremin’s  proposal  for  a  failure  theory  (6),  the  re¬ 
action  in  a  detonation  wave  occurs  in  the  interactions 
between  transverse  waves.  Failure  is  evidenced  by  cessation 
of  chemical  reaction  because  of  the  disappearance  of  trans¬ 
verse  interactions.  Failure  diameter  is  determined  not  by 
the  relationship  between  reaction  and  velocity  in  the  deton¬ 
ation  but  by  whether  reinitiation  can  occur  in  the  dark  wave 
through  smooth  shock  mechanism  (which  is  much  slower 
for  a  given  average  wave  pressure  than  in  the  transverse 
interactions). 

In  Fig.  9  is  an  x-t  plot  of  a  dark  wave  at  the  edge  of  a 
charge  of  liquid  explosive.  The  dark  wave  passes  the  point 
F  and  reaction  in  the  wave  ceases.  The  brass  inscription 
tells  us  that  the  pressure  is  lowered  suddenly,  and,  since  the 
wave  is  now  traveling  in  unreacted  material,  the  velocity 
must  drop  noticeably.  In  order  to  satisfy  the  conservation 
equations  another  wave,  of  which  no  evidence  is  seen,  must 
interact  at  point  F.  For  similar  reasons  a  retonation  wave 
is  called  for  in  the  reinitiation  process  that  culminates  in  the 
overdrive  at  the  point  1. 


TA-  4051-290 


FIG.  9.  REINITIATION  IN  A  DARK  WAVE.  A 
time-distance  plot  such  as  might  be  obtained  in  an  end-on 
rotating-mirror  photograph  of  a  dark  wave  at  the  edge  of 
a  charge 
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The  dark  wave  reinitiation  process  resembles  closely 
the  initiation  taking  place  in  our  reaction  time  test,  but  the 
divergence  of  flow  in  dark  waves  at  failure  diameters  of  the 
size  we  have  investigated  is  greater  than  in  the  two  inch 
diameter  reaction  time  test.  Nevertheless,  the  reaction  times 
are  good  indicators  of  the  difficulty  of  reinitiation  and  for 
the  difluoroamino  propanes  predict  the  failure  diameters 
directly. 

The  failure  diameters  of  the  difluoroamino  butanes  are 
affected  by  several  factors  that  need  not  be  taken  into 
account  in  a  comparison  among  the  propanes.  Calculations 
with  a  CV(T)  equation  of  state  have  shown  that  the  tempera¬ 
ture  in  a  given  strength  shock  is  very  much  the  same  in  the 
butanes  as  for  the  propanes.  The  effect  of  the  greater  heat 
capacity  is  about  balanced  by  the  greater  compressibility. 


The  bigger  failure  diameter  for  the  butanes,  then,  is  account¬ 
ed  for  by  the  lower  pressure  in  the  detonation  wave  and 
presumably  also  in  the  dark  wave. 


CONCLUSION 

The  failure  diameter  of  2,2-DP  has  been  found  to  be 
2.5  times  greater  than  that  of  1 ,2-DP;  that  of  IBA  is  still 
2.5  times  greater.  Shock  reaction  times  for  these  compounds 
are  2,2-DP  >IBA  >1,2-DP  and  these  very  simply  explain  the 
failure  diameters  on  the  basis  of  Dremin’s  theory  of  failure 
diameter.  It  is  apparently  necessary  to  abandon  the  idea 
that  the  effect  of  diameter  on  detonation  velocity  enters 
into  determining  failure  diameter. 
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THE  STABILITY  OF  LOW-VELOCITY  DETONATION  WAVES 
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Experimental  studies  of  low-velocity  detonation  (LVD)  in  nitroglycerin- 
ethylene  glycol  dinitrate  (NG-EGDN)  in  cylindrical  containers  composed 
of  a  variety  of  materials  are  reported.  Instrumentation  consisted  of 
expendable  pressure  transducers,  strain  gauges,  continuous  velocity 
probes,  high-speed  framing  camera  observation  and/or  flash  radiography. 
Results  are  in  accord  with  the  cavitational  model  of  LVD  developed  at 
this  Center;  steady  LVD's  are  observed  only  for  those  container  mate¬ 
rials  in  which  steady  precursor  cavitation  is  possible,  i.e.,  in  which 
the  elastic  wave  velocity  in  the  walls  exceeds  the  sonic  velocity  of 
the  explosive.  In  materials  such  as  lead,  in  which  the  extensional 
velocity  is  less  than  the  sonic  velocity  of  the  explosive,  no  elastic 
precursor  is  observed  and  the  LVD  while  it  appears  to  propagate  in¬ 
definitely  does  so  in  a  pulsating  manner.  Evidence  is  presented  that 
the  precursor  wave  responsible  for  the  major  part  of  the  cavitation 
is  not  in  all  cases  identifiable  with  the  elastic  precursor  but  may 
be  attached  to  the  reaction  zone. 


INTRODUCTION 

In  a  continuing  effort  to  understand  the 
phenomenology  of  LVD,  a  research  program  was 
conducted  on  the  stability  of  LVD.  Details  of 
the  LVD  wave  structure,  which  were  in  essen¬ 
tial  agreement  with  the  earlier  Bureau  cavi¬ 
tational  model  for  LVD  (1),  were  presented  in 
a  recent  paper  (2);  and  mechanisms  relevant  to 
the  initiation  of  reaction  in  the  cavitated 
liquid  were  also  discussed  recently  (3).  This 
paper  describes  some  experiments  aimed  at  a 
better  understanding  of  the  factors  governing 
the  stability  of  LVD's  with  particular  empha¬ 
sis  on  studying  the  precursor  wall  waves  and 
their  interaction  with  the  reaction  zone. 

EXPERIMENTAL 

The  experiments  were  conducted  using  the 
experimental  setup  depicted  in  Fig.  1.  It 
consisted  of  an  acceptor  container  of  either 
Plexiglas*,  aluminum,  lead,  polyethylene,  or 
glass.  The  containers  were  2.5  cm  i.d.  and 
had  a  0.32-cm  thick  wall  except  for  glass 
which  had  a  3.2-cm  i.d.  and  a  0.32-cm  wall 
thickness;  container  lengths  varied  from  40 
cm  to  3.05  m.  The  charges  were  instrumented 


Trade  names  are  used  for  convenience  and  do 
not  imply  endorsement  by  the  Bureau  of  Mines. 


with  strain  gauges  and  resistive  pressure 
gauges  (4)  to  monitor  the  precursor  waves  in 
the  tube  wall  and  the  shock  wave  leading  the 
reaction  front.  For  the  most  part,  the  gauges 
were  positioned  at  the  midpoint  of  the  tube  or 
6  inches  from  the  downstream  end  of  the  tube. 
The  explosive  sample  in  all  cases  was  a  50/50 
mixture  of  NG-EGDN;  water-control  trials  were 
also  conducted  to  differentiate  between  the 
precursor  waves  generated  by  the  initiating 
shock  and  those  produced  by  the  reacting  ex¬ 
plosive.  Low- velocity  detonations  in  the 
liquid  explosive  columns  were  initiated  from 
shocks  derived  from  a  4.1-cm  diameter  by  2.5-cm 
tetryl  pellet  coupled  to  a  4.1-cm  diameter  by 
12.7-cm  long  Plexiglas  attenuator. 

The  results,  presented  in  Fig.  2,  were  ob¬ 
tained  with  a  1.37-m  long  water- filled  alu¬ 
minum  tube  and  serve  to  illustrate  the  response 
of  the  strain  gauge  to  the  wall  wave  generated 
by  the  same  shock  donor  used  to  initiate  LVD  in 
the  liquid  explosive  trials.  The  strain  gauge 
was  mounted  at  the  midpoint  of  the  tube,  69  cm 
from  the  attenuator-water  interface.  The  fig¬ 
ure  shows  the  oscillographic  record  obtained 
in  the  trial  and  a  dis tance- time  plot  deduced 
from  the  record;  corresponding  points  are 
labeled  in  both.  The  points  labeled  1,  3  and 
4  represent  the  gauge  response  to  the  elastic 
wave  in  the  tube  wall;  this  wave  travels  down¬ 
stream  and  reflects  from  the  open  end  of  the 
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Strain  gage 


Fig.  1  -  Experimental  arrangement. 


tube  and  appears  on  the  oscillogram  below  the 
baseline  as  the  polarity  reverses.  The  ve¬ 
locity  of  the  wave  was  observed  to  be  5.1 
mm/psec  which  agrees  well  with  the  handbook 
value  for  the  extensional  wave  velocity  in  alu¬ 
minum  which  is  5.0  inn/psec  (5).  The  pulse, 
labeled  2  in  the  oscillogram,  is  identified 
with  a  weak  pressure  wave  in  the  water  which 
was  observed  to  travel  at  1.3  mm/psec.  This 
value  is  less  than  the  velocity  of  sound  in 
water  and  if  experimentally  significant  may  be 
attributable  to  fluid  cavitation  caused  by  the 
elastic  wave  in  the  wall. 

Figure  3  shows  the  results  obtained  in  a 
trial  with  an  aluminum  tube  filled  with  NG- 
EGDN  undergoing  LVD.  The  tube  was  1.98  m  long; 
a  strain  gauge  and  a  resistive  pressure  gauge 
were  mounted  on  opposite  sides  of  the  tube  15 
cm  from  the  downstream  end  of  the  tube.  Points 
labeled  4  on  the  oscillogram  and  the  distance¬ 
time  plot  correspond  to  the  arrival  of  the  LVD 
wave  front  at  the  gauge  stations.  The  detona¬ 
tion  wave  velocity  was  observed  to  be  1.9  mm/ 
psec.  Pulses  labeled  1,  2  and  3  are  associated 
with  a  5.1  mm/psec  elastic  wall  wave  reflecting 
from  the  open  downstream  end  of  the  tube  and  a 
discontinuity  linked  with  the  advancing  detona¬ 
tion  wave  front.  This  discontinuity  is  proba¬ 
bly  due  to  tube  rupture  at  or  near  the  detona¬ 
tion  wave  front.  In  the  oscillogram  of  Fig.  3 
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Wave  velocities  in  water-filled  aluminum  tube;  insert  os 
cillogram  shows  strain  gauge  response. 
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Fig.  3  -  Wave  velocities  in  detonating  NG-EGDN  in  an  aluminum 
tube;  insert  oscillogram  shows  strain  (upper  trace) 
and  pressure  (lower  trace)  gauge  responses. 


the  negative  (tensile)  portions  of  the  elastic 
wave  are  not  clearly  evidenced  as  in  Fig.  2; 
this  is  due  to  the  low  gain  used  (1  v/div  for 
Fig.  3  compared  to  .5  v/div  for  Fig.  2)  and 
the  fact  that  the  strain  gauge  was  located 
only  15  cm  from  the  free  end  of  the  tube  al¬ 
lowing  portions  of  the  advancing  compression 
wave  to  interfere  with  the  reflected  tension 
wave.  The  resistive  pressure  gauge  was  insen¬ 
sitive  to  the  elastic  wall  wave  and  responded 
only  to  the  much  higher  pressures  associated 
with  the  reaction  zone,  approximately  10 
kilobars . 

Similar  experiments  were  conducted  with 
the  other  four  tube  materials;  the  results 
are  summarized  in  Table  1.  These  results  rep¬ 
resent  average  values  obtained  in  a  number  of 
trials  using  tubes  of  various  lengths.  Values 
of  the  elastic  wall  wave  velocity,  Vw,  were 
observed  to  be  the  same  in  trials  with  tubes 
filled  with  NG-EGDN  undergoing  LVD  and  in  con¬ 
trol  trials  using  water- filled  containers. 
Except  in  the  case  of  polyethylene  the  exper¬ 
imental  values  agree  with  handbook  values  for 
the  extensional  wave  velocity  for  the  five  ma¬ 
terials  used.  The  precise  reason  for  this 
discrepancy  is  unclear  but  may  be  due  to  dif¬ 
ferences  in  the  physical  properties  of  dif¬ 
ferent  grades  of  polyethylene  or  to  non- linear 
strain  properties  in  the  polyethylene  since 


the  8 tress  levels  here  are  much  greater  than 
that  of  acoustic  waves.  The  values  of  the  det¬ 
onation  rate,  Ud,  are  average  velocities  de¬ 
termined  from  distance- time  relationship  as, 
for  example,  in  Fig.  3.  In  all  cases  with  the 
exception  of  lead,  the  detonation  velocities 
were  subsonic  relative  to  the  measured  elastic 
wave  velocity  in  the  confinement  tubes. 

In  order  to  determine  if  the  detonation  in 
the  various  containers  represented  stable  flow 
configuration,  additional  firings  were  con¬ 
ducted  with  tubes  instrumented  with  continuous 
velocity  probes  (6).  In  all  cases  other  than 
lead,  the  velocities  were  constant  within  the 
experimental  error  which  is  estimated  to  be 
less  than  5  percent.  The  record  obtained  using 
lead  confinement  is  shown  in  Fig.  4(a).  The 
record  gave  evidence  that  the  velocity  was  in¬ 
terrupted  at  regular  intervals  of  about  60 
M-sec ;  the  corresponding  spatial  separation  is 
approximately  10  cm  based  on  an  average  propa¬ 
gation  velocity  of  1.7  mm/^sec  along  the  tube 
length.  It  s.iould  be  noted  that  the  strain 
gauge  record  gives  no  indication  of  an  elastic 
precursor  wave  ahead  of  the  reaction  in  the 
lead  container. 

In  order  to  eliminate  the  possibility  that 
the  step- like  appearance  in  the  continuous  ve¬ 
locity  record  of  Fig.  4(a)  was  due  to  elec- 
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TABLE  1 


Observed  Wave  Velocities  for  NG-EGDN  Under¬ 
going  Low-Velocity  Detonation  under  Various 
Conditions  of  Confinement 


Container 

V 

w 

ua 

V 

ext 

Plexiglas 

2.2 

2.0 

1.8 

Aluminum 

5.1 

1.9 

5.0 

Lead 

1.2 

1.7 

1.2 

Polyethylene 

1.9 

1.4 

0.9 

Glass 

5.0 

1.6 

5.2 

NOTES:  (1)  All  velocities  in  irm/nsec. 

(2)  V^  measured  elastic  wall  wave  velocity. 

(3)  Ud  measured  detonation  rate. 

(4)  Handbook  values  of  extensional  wave 
velocity. 


(a)  (b) 

Fig.  4  -  (a)  Oscillogram  showing  response  of 
strain  gauge  (upper  trace)  and  con¬ 
tinuous  velocity  probe  (lower  trace) 
to  pulsating  low-velocity  detonation 
in  a  lead  tube;  (b)  expansion  and 
breakup  of  lead  tube  containing  NG- 
EGDN  undergoing  pulsating  low- ve¬ 
locity  detonation. 


tronic  or  mechanical  anomalies  in  the  probe 
response,  a  series  of  flash  radiographs  were 
obtained  of  the  expansion  profiles  of  lead 
tubes  containing  NG-EGDN  undergoing  LVD.  One 
of  the  radiographs  is  reproduced  in  Fig.  4(b). 
At  the  time  the  radiograph  was  taken  the  det¬ 
onation  wave  had  progressed  to  the  end  of  the 
tube  which  was  94  cm  long  and  had  an  inside 
diameter  of  2.5  cm  and  a  0.32- cm  thick  wall. 
The  radiograph  gives  distinct  evidence  of 
regular  perturbations  similar  to  those  re¬ 


corded  by  the  continuous  velocity  probe;  the 
two  horizontal  bands  in  the  fragmentation  pat¬ 
tern  are  approximately  10  cm  apart  which 
was  the  same  spacing  observed  using  the  con¬ 
tinuous  velocity  probe.  In  addition,  a  bulge 
in  the  expansion  profile  is  beginning  to  form 
10  cm  below  the  central  band.  These  are  be¬ 
lieved  to  be  associated  with  interruptions  in 
the  detonation  wave.  These  pulsating  detona¬ 
tions  can  be  described  on  the  basis  of  the  pre¬ 
viously  developed  cavitational  model  for  LVD. 

In  essence,  the  reaction  wave,  once  initiated, 
consumes  that  portion  of  the  fluid  that  has 
been  cavitated  by  the  precursor  wave;  this  re¬ 
action  is  interrupted  when  the  cavity  field  is 
consumed.  However,  the  elastic  precursor  wave 
is  able  to  propagate  ahead  and  create  another 
cavitated  region.  The  residual  pressure  field 
is  then  capable  of  causing  further  reactive 
flow;  this  process  then  repeats  itself  in  a  re¬ 
markably  reproducible  way.  The  factors  con¬ 
trolling  the  frequency  of  these  pulsations  are 
undoubtedly  complex.  The  inherent  reaction 
role  of  the  fluid  as  well  as  the  sound  velocity 
of  the  container  and  the  container  dimensions 
are  felt  to  be  important. 

Two  other  experiments  bearing  on  the  sub¬ 
ject  of  stability  were  carried  out  using  tube 
materials  in  which  stable  low-velocity  detona¬ 
tions  were  produced. 

In  the  first  experiment,  high-speed 
framing  camera  photographs  were  obtained  of 
LVD's  in  glass  tubes  to  determine  if  the  elas¬ 
tic  precursor  wave  was  capable  of  causing  fluid 
cavitation.  Tubes  having  lengths  up  to  3  m 
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were  used.  Though  poorly  defined,  the  leading 
edge  of  the  cavitational  field  traveled  at 
5.0  imi/idsec ,  in  phase  with  the  elastic  pre¬ 
cursor,  and  continually  outdistanced  the  re¬ 
action  wave  traveling  at  1.6  mm/p.sec.  The 
cavitation  population  appeared  to  be  much  more 
dense  near  the  reaction  zone.  The  length  of 
this  dense  cavitation  zone  was  relatively  con¬ 
stant,  giving  some  evidence  for  a  steady-state 
wave  ahead  of  the  reaction  zone  traveling  at 
detonation  velocity.  The  records  obtained  in 
the  earlier  trials  with  strain  gauges  located 
at  various  positions  along  the  tube  also  gave 
some  evidence  for  a  steady- state  wave  but  were 
often  obscured  by  the  elastic  precursor  wave 
traveling  at  the  extensional  wave  velocity. 

In  the  other  series  of  experiments,  re¬ 
sistive  pressure  gauges  were  positioned  in  the 
liquid  column  15  cm  from  the  downstream  end  of 
a  1.37-m  long  charge  of  NG-EGDN  confined  in  an 
aluminum  tube  having  a  2. 5- cm  i.d.  and  a  0.32- 
cm  wall.  The  record,  shown  in  Fig.  5,  indi- 


10  sec  /  di  v 
(600  yu.  sec  sync  delay) 

Fig.  5  -  Resistive  gauge  response  to  pressure 
waves  immediately  ahead  of  the  low- 
velocity  reaction  zone  in  NG-EGDN 
contained  in  an  aluminum  tube. 


cates  that  the  gauge  responded  to  a  series  of 
compression  and  rarefaction  waves  for  a  period 
of  about  20  p.sec  before  the  arrival  of  the 
low- velocity  detonation  wave  front.  Control 
trials  using  water- filled  aluminum  tubes 
showed  that  the  pressure  gauge  would  not  re¬ 
spond  to  waves  generated  by  the  elastic  pre¬ 
cursor  when  used  in  this  manner.  The  gauge  is 
not  calibrated  for  the  low  kilobar  pressure 
levels  but  the  results  of  this  experiment  are 
not  in  disagreement  with  the  results  of 
Dubovik,  et  al. ,  using  the  electromagnetic 
method  for  determining  particle  velocity  (7). 
In  experiments  with  nitroglycerin  confined  in 
Plexiglas  tubes,  they  noted  a  1.5  to  2.0  kil¬ 
obar  pressure  wave  followed  by  a  pressure  re¬ 
lease  wave  to  essentially  zero  pressure  ahead 
of  the  reaction  wave  which  had  an  amplitude  of 
about  10  kilobars. 


CONCLUSIONS 

Experimental  measurements  of  the  sonic 
wave  and  detonation  wave  velocities  in  a  va¬ 
riety  of  materials  have  demonstrated  that  a 
necessary  condition  for  stability  is  that  the 
detonation  wave  be  subsonic  relative  to  the 
wave  velocity  of  the  container  material.  If 
this  condition  is  not  met  pulsating  detona¬ 
tions  will  occur.  The  simple  model  for  LVD 
previously  postulated  has  been  found  to  be  com¬ 
plicated  by  the  existence  of  an  elastic  pre¬ 
cursor  wave  derived  from  the  initiating  shock 
which  is  capable  of  cavitating  the  fluid.  If 
this  were  the  only  cavitating  mechanism,  then 
all  LVD's  would  be  inherently  unsteady  since 
the  elastic  precursor  continually  outdistances 
the  reaction  zone.  Some  evidence  has  been  pre¬ 
sented  indicating  the  presence  of  a  precursor 
pressure  wave  which  was  attached  to  the  reac¬ 
tion  zone.  Additional  experimental  work  is  re¬ 
quired  to  confirm  these  points;  however,  the 
experimental  work  presented  here  in  general 
supports  the  cavitational  model  for  LVD. 
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THE  FAILURE  DIAMETER  THEORY  OF  DREMIN 


Julius  W.  Enig  and  Francis  J.  Petrone 
U.  S.  Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland  20910 


Dremin' s  failure  diameter  theory  has  been  used  to  calculate 
values  of  the  "failure  diameter,"  df,  as  a  function  of 
initial  temperature  T0  for  nitromethane.  The  latter,  a  very 
sensitive  test  of  the  theory,  leads  to  predicted  values  of 
df  in  good  agreement  with  the  experimental  values.  It  is 
shown  that  an  important  approximation  in  the  theory  can  be 
removed,  and  that  the  experimental  thermal  explosion  times 
used  by  Dremin  and  Trofimov  as  input  for  their  calculations 
can  be  theoretically  derived,  a  necessary  condition  for  the 
practical  application  of  the  theory. 


INTRODUCTION 

For  every  explosive,  in  any  given 
state,  there  exists  a  critical  diam¬ 
eter,  called  the  "failure  diameter,"  df, 
below  which  propagation  of  a  steady- 
state  detonation  in  a  cylindrical  charge 
does  not  occur.  Moreover,  df  depends  on 
the  confinement  of  the  explosive  by  the 
surrounding  walls. 

Recently,  Dremin  [1]  introduced  a  new 
theory  of  the  failure  diameter  that  was 
subsequently  extended  by  Dremin  and 
Trofimov  [2,3];  their  application  of 
this  theory  to  unconfined  nitromethane 
and  liquid  TNT,  each  at  a  single  initial 
temperature,  led  to  values  [2,3]  of  df 
in  good  agreement  with  the  experimental 
values. 

The  purpose  of  this  paper  is  to  remove 
an  important  approximation  in  their 
calculation,  to  show  that  the  thermal 
explosion  times  used  as  input  for  their 
calculations  can  be  theoretically 
derived,  a  necessary  condition  for  the 
practical  application  of  the  theory,  and 
to  calculate  for  the  first  time  values 
of  df  as  a  function  of  initial  temper¬ 
ature  Tq  for  nitromethane.  The  latter, 
a  very  sensitive  test  of  the  theory, 
leads  to  predicted  values  of  df  in  good 
agreement  with  the  experimental  values. 
For  completeness,  a  description  of  the 
theory  that  includes  the  pertinent 
theoretical  flow  analysis  left  out  of 
the  extremely  condensed  original  article 
[2]  is  included. 


DETAILED  THEORETICAL  ANALYSIS 

Their  theory  can  be  formulated  in 
the  following  manner.  Consider  the 
passage  of  a  detonation  front  with 
velocity  DQ  from  a  heavy-walled  tube  of 
inner  diameter  d  <  df  (of  the  unconfined 
material)  containing  explosive  into  a 
region  of  explosive  of  diameter  much 
larger  than  df.  Starting  at  the  edge  of 
the  tube,  a  wavefront  on  which  reaction 
is  quenched  moves  into  the  reaction  zone 
with  velocity  v  perpendicular  to  the 
direction  of  detonation  propagation. 

One  explanation  of  the  nature  of  this 
wave  is  described  elsewhere  [1] .  Con¬ 
sider  a  coordinate  system  that  moves 
along  the  locus  OA  of  the  intersection 
of  this  wavefront  with  the  detonation 
front  as  shown  in  Fig.  1.  Under  the 
assumptions  that  the  detonation  reaction 
zone  thickness  is  negligible  and  that 
the  region  behind  the  detonation  front 
is  a  constant  state,  namely,  the  Chapman- 
Jouguet  state,  state  (1),  the  flow  is 
seen  to  contain,  in  addition,  a  centered 
rarefaction  fan,  region  (R) ,  an  oblique 
shock  front  AB* ,  and  a  slip  line  AB 
separating  two  constant  supersonic  states, 
regions  (2)  and  (3) ,  of  equal  pressure 
which  are  terminated  by  the  sonic  signal 
BB'  originating  at  the  tube  edge  O. 

Regions  (1) ,  (R ) ,  and  (2)  consist  of  gas 
products?  region  (3)  contains  unreacted 
shocked  explosive. 

Let  p ,  p ,  c ,  u ,  and  M  =  u/c  be , 
respectively,  the  pressure,  density, 
sound  speed,  particle  velocity,  and  Mach 
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number.  In  this  coordinate  system,  the 
unreacted  explosive  in  the  initial  state 
(0)  crosses  the  detonation  front  FA  with 
velocity 

D  =  (D2  +  v2)’5. 

The  products  in  region  (1)  travel  with 
velocity 

U1  =  (cl  +  v2)1*’ 

cross  the  centered  rarefaction  fan  TAH 
into  region  (2) ,  and  then  move  with 
velocity  u2  parallel  to  AB.  The 
explosive  that  enters  AB'  with  velocity 
D  subsequently  moves  with  velocity  u7 
parallel  to  AB.  J 


For  y-law  products,  the  Chapman- 
Jouguet  condition  yields 

Pl  =  poDo/(y+1)' 
pj  =  (y+1)p0/y,  and 

C1  =  yDq/(y+1). 

From 

Dq  =  v  tan  (ir-v)  and 
c1  =  v  tan  (w-v-e) , 
where  ir  =  180°,  it  follows  that 
e  =  w-v-tan  1  [  (pq/p1)  tan  (tt-v)  ] 
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is  the  deflection  of  the  streamline  on  Hugoniot  relations, 

crossing  the  detonation  front.  Thus, 

state  (1)  is  completely  determined.  U  =  *$c '  [It  (l+4ap3/p  c'2)*5]  (iii) 


From  the  theory  of  two-dimensional 
steady-state  potential  flow  [4] ,  the 
angle  9  between  the  streamline  and  a 
line  parallel  to  AO,  the  Mach  angle  a 
between  the  streamline  and  the  character¬ 
istic,  and  the  particle  velocity  u  in 
the  Prandtl-Meyer  expansion  region  (R) 
are  related  by  the  equations  dp  =  -pudu, 
sin  a  =  c/u,  du  =  u  tan  a  d0 ,  and 
c2  =  dp/dp ,  which  when  combined  with 
M  =  u/c  and  the  isentropic  relation, 

P/P1  =  (p/p1)y»  yield 

dM/de  =  M  [l+*s  (y-1)  M2  ]  /  (M2-l ) 


is  the  particle  velocity  into  AB', 

1/p3  =  l/pQ-p3/p2U2,  (iv) 

and 

u3n  “  poU/p3;  (v) 

the  continuity  of  tangential  velocity 
yields 

n  =  it  — v— y  '  -tan  1  [  (u3n/U)  tan  (n-v-y  ' )  1, 
where 


Integration  between  the  limits  0  =  e.  =  e, 
M  =  M1  and  0  *  ©2,  M  =  M2 ,  leads  to  1 

0  -  c  =  F(M2)  -  F(M1)  (i) 

connecting  the  head  AH  and  the  tail  AT 
of  the  expansion  fan,  where 


y'  =  ^ir-v+cos  1  (U/D)  . 


Hence,  Xo  *  v+n,  the  obtuse  angle  between 
u3  and  tne  detonation  front,  is  an 
explicit  function  of  p3.  Finally, 


2  2  2 
u3n  +  D  -  U 


Combination  of  the  Bernoulli  equation, 

2yp2  +  (y-1) p2u-2  “  2^?]^  +  (y-DpjU^, 
with  (P2/Pj_)  =  (p2/p1)y, 

M2  =  U2C2'  and 
c2  “  yP2/p2, 
yields 

(P2/Pl) (y_1)/Y“I (y-l)M^+2J/[ (y-l)M2+2] . (ii) 


may  be  rewritten  as 


the  result  of  Dremin  and  Trofimov  [2] 
by  using  Eqs.  (iii)-(v). 

The  intersection  of  the  shock  polars, 
X2(P2)  and  the  streamline 

deflection-pressure  plane  yields  the 
derived  pressure,  p9  =  p^,  and  from  that, 
states  (2)  and  (3).  J 


Thus,  Eqs.  (i)  and  (ii)  relate  0O  to  p0 . 
Since  z  1 

a1  =  sin  ^  ( 1/M^ )  =*  ir-v-c, 

and  the  characteristic  A ' T 1  must  be 
parallel  to  AT,  it  follows  that 
0  =  2  (ir-v-e)  .  Thus  , 

X 2  s  it- 0+a^+0 2~0 ^  ,  the  obtuse  angle 

between  u2  and  the  detonation  front,  is 
an  explicit  function  of  p2  by  (i)  and 
(ii).  The  angle  between  the  head  and 
tail  of  the  fan  is  0  =  ai"a2+02“0l * 

The  above  result,  x2(Po^'  rSduces^o 
Eq.  (7)  of  Ref.  2  after  some  algebraic 
manipulation. 

Let  U  =  c*  +  au  be  the  shock  velocity 
in  a  stationary  explosive,  where  c’  and 
a  are  constants.  Then,  by  the  Ranfcine- 


An  observer  at  the  end  of  the  tube  at 
0  sees  the  point  A  receding  at  velocity 
D  and  the  head  of  the  rarefaction  wave 
BB*,  originating  at  0,  also  receding 
from  0.  Along  AB,  the  distance  between 
BB'  and  A  increases  with  time. 

To  an  observer  traveling  with  A  (as 
in  Fig.  1) ,  BB1  is  receding  from  A,  along 
AB,  with  the  smaller  of  the  velocities, 
u3«c3  or  u2-c2.  For  nitromethane  and 
liquid  TNT;  the  equation  of  state  of 
Enig  and  Petrone  [5]  gives  c3;  this  leads 
to  0  <  u3-c3  <  u2”c2*  In  absence  of 
an  equation  of  state  for  unreacted  explo¬ 
sive,  Dremin  and  Trofimov  [2]  assumed 
that  u2-c2  <  u3*c3 • 

Consider  an  element  of  explosive 
entering  region  (3).  Due  to  adiabatic 
heating  it  will  explode  after  an  induc¬ 
tion  time  t 3  which  depends  on  p3  and 
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the  temperature  T3 .  A  time  t,  (>t3) 
after  passage  of  the  detonation  front 
from  the  confined  tube  at  0,  thermal 
explosion  will  occur  at  B,  a  distance 

u^t^  =  (u^-c^Jt^  from  A.  (vi) 

The  detonation,  initiated  at  B  and 
traveling  in  all  directions,  will  reach 
A  in  the  time 

t2  =  u3t3^(D3"u3) '  (vii) 

where  D3  is  the  detonation  velocity  in 
region  t3).  "Failure"  occurs  when 

d  ■  2v(t1+t2)*  i.e.,  (viii) 

when  the  detonation  at  B  reaches  A  just 
as  A  reaches  the  axis  of  the  explosive. 

By  eqs .  (vi)-(viii),  the  failure  diameter 
is  [2,3] 

^  3(5^  *5^-)  •  ™ 

This  failure  diameter  coincides  with  the 
failure  diameter  for  an  unconfined 
cylindrical  charge,  the  failure  mechanism 
being  the  same  [1] . 

CALCULATED  RESULTS 

The  value  of  directly  measured 
by  Dremin  and  Trofimov  [2,3],  can  be 
calculated  theoretically  from 

t3  ss  KTj  exp(E*/RT3), 

where  K  is  a  constant  depending  on  the 
explosive,  R  and  E4*  are  the  gas  constant 
and  activation  energy,  respectively,  and 
T^  is  calculated  as  described  elsewhere 
[5]  .  Although  v  must  still  be  determined  ^ 
experimentally,  it  is  independent  of 
any  failure  diameter  experiment.  The 
input  parameters  p  ,  D  ,  and  p.^  (used 
to  compute  y)  are  functions  orT  [6] 

(as  are  c  Q  [7]  and  a  [8]  which°are 
needed  top6alculate  T^j  .  In  the  absence 
of  more  accurate  data;  it  is  assumed  that 
v,  c^,  E+,  and  K  are  constants,  and  D- 
is  linear  in  p^,  for  a  given  explosive 


[9].  Also,  constant  y  in  the  range 
p2  *  p  *  p.  is  an  excellent  approximation 
for  fixed  [10]. 

The  calculated  values  of  df  (using 
Eq.  (3))  as  a  function  of  T0 for 
nitromethane  are  shown  in  Table  I.  These 
are  seen  to  be  in  good  agreement  with 
the  experimental  values  d£exp  '  of 
Campbell,  Malin,  and  Holland  [11]  and, 
in  fact,  above  T0  =  273°K, the  results 
fall  within  the  experimental  error, 

±  2-3  mm,  of  the  latter. 

The  results  of  a  sample  calculation 
for  nitromethane  (drawn  to  scale  in 
Fig.  1)  are  as  follows:  TQ  =  293.16, 

T3  =  1123.7  °K?  p  =  1.1370,  o,  =  1.5896, 

P~  =  1.4327,  p^  =  1.8840  g/cm3?  c,  =  4.5139, 
c2  =  4.1727,  c*  =  5.5745,  D  =  7.8^85, 

v  =  6.3106,  =  8.6370,  U  =  4.6930, 

u°  =  6.5527,  u2  =  6.8453,  u3  =  6.9558, 
v  =  4.75  mm/usec?  p  =  0,  p.  =  128.91, 
p9  =  p^  =  99.29  kbar;  t-  =  0.2080, 

t^  =  170474,  t-  =  0.8606  ysec; 

=  43.54°,  a,  =  37.56°,  0  =  87.08°, 

Y»  =  16.58°,  e  =  9.  =  9.49°,  n  =  12.43°, 
e2  =  12.42°,  v  =  1^6.97°,  0  =  8.92°, 

X2  =  x3  =  139.39°;  d*  =  18.13  mm.  With 
tnis  value  of  c3,  had  Eq.  (3)  been 
used,  the  calculated  value  of  df  by  Dremin 
and  Trofimove  [2,3]  would  have  been 
#19.5  mm  instead  of  their  14.3  mm. 

For  liquid  TNT  initially  at  356°K, 
the  experimental  value  is  #68  mm  [2,3] ; 
the  calculated  d^  is  94.71  mm,  where  D3 , 
u,,  c~,  u~,  and  are,  respectively, 

973140,  672134,  574555,  6.1117,  and 
4.2281  mm/usec.  With  this  value  of 
c3,  had  Eq.  (3)  been  used,  the  calculated 
value  of  d^  in  Refs.  2  and  3  would  have 
been  #  119rmm  instead  of  their  62  mm. 

While  the  above  analysis  is  based  on 
steady-state  oblique  shock  theory,  an 
alternative  method  was  considered  by 
Mader  [12]  who  calculated  the  failure  of 
a  nitromethane  detonation  resulting  from 
a  side  rarefaction  cooling  the  explosive 
inside  its  reaction  zone  with  the  aid  of 
an  unsteady  two-dimensional  Eulerian 
hydrodynamic  code.  This  was  an  attempt 
to  simulate  the  experimental  work  of 


TABLE  I.  Comparison  of  .Jhe  calculated  failure  diameters  df  with  the  experimental 

values  [11]  d£  ^  at  different  initial  temperatures  T0  for  nitromethane. 


To(°K) 

253.16 

263.16 

273.16 

283.16 

293.16 

303.16 

313.16 

p3 (kbar) 

107.28 

105.33 

103.34 

101.33 

99.29 

97.22 

95.13 

t3(8k) 

1079.0 

1090.9 

1102.3 

1113.2 

1123.7 

1138.3 

1154.1 

d j (mm) 

42.91 

3YJ 

33.84 

1.7.0 

27.09 

2/ r 

80 

22.00 

18.13 

14.05 

10.83 
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Davis  [13] ,  who  studied  the  failure  of 
a  supported  nitromethane  detonation  wave 
traveling  up  a  rectangular  copper  tube 
and  then  into  a  large  container  of 
nitromethane.  Because  of  the  extremely 
small  calculated  reaction  zone  thickness, 
0.24y,  the  dimensions  in  Mader's  calcu¬ 
lations  are  out  of  scale  by  about  three 
orders  of  magnitude.  However,  his 
"early  time"  calculations  show  quali¬ 
tatively  the  flow  configurations  to  be 
expected  as  the  rarefaction  wave  comes 
in  from  the  side.  Using  the  3000°K 
isotherm  throughout  the  reaction  zone,  he 
obtains  a  rarefaction  velocity  of 
4.0  ±  0.5  mm/usec  which  is  compared  with 
Davis*  experimental  "failure"  waves 
that  run  across  the  front  at  about 
3.72  mm/usec.  Since  the  calculations 
were  not  carried  out  to  the  point  where 
re-ignition  occurs,  the  critical  failure 
diameter  was  not  calculated,  and,  hence, 
it  is  not  clear  whether  the  rarefaction 
wave  moving  into  a  homogeneous  reaction 
zone  really  represents  the  failure  mech¬ 
anism.  On  the  contrary,  Dremin  believes 
that  the  reaction  of  a  liquid  explosive 
will  be  initiated  first  at  sites  where 
oblique  waves  collide,  and  that  the 
"failure"  wave  is  a  function  of  these  sites. 

It  should  be  noted  that  Dremin  and 
Trofimov  found  v  =  4.75  mm/ysec  and 
Davis  found  v  =  3.72  mm/ysec.  Inasmuch 
as  the  former  were  working  with  axisym- 
metric  and  the  latter  with  plane  symmetric 
detonations,  it  would  be  expected  that 
the  value  of  v  for  the  former  case  would 
be  larger  due  to  convergence.  In  order  to 
check  the  effect  of  variation  of  the 
parameter  v,  the  calculation  in  Table  I 
for  Tq  =  293.16  was  repeated  with 
different  v.  For  v  =  3.72,  4.275,  4.75, 
5.225,  and  5.78  mm/ysec,  the  resulting 
values  of  df  are,  respectively,  35.3, 

23.0,  18.13,  16.09,  and  16.5  mm,  showing 
a  minimum. 
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Wall  traces  of  detonation  in  nitromethane -acetone  mixtures  are  pre¬ 
sented,  and  the  technique  of  obtaining  them  is  discussed.  These  records 
are  compared  to  the  carbon  soot  records  of  gaseous  detonations,  and 
the  structure  of  the  wave  front  is  said  to  be  similar  in  both  phases  of  the 
explosive  mixtures.  Surface  indentations  found  along  the  traces  provide 
additional  evidence  that  the  traces  were  produced  by  localized  peaks  of 
pressure  such  as  those  associated  with  triple  wave  intersections.  Com¬ 
plementary  measurements  of  the  wave  velocity  indicate  that  the  process 
investigated  is  a  full-scale  detonation  rather  than  a  degenerate  case  of 
a  low  velocity  type. 


INTRODUCTION 

Early  studies  of  detonation  in  nitromethane 
and  its  mixtures  with  acetone,  by  Campbell, 
et  al.  [1]  in  the  U.  S.  and  Dremin  and  associ¬ 
ates  [2]  in  the  U.  S.  S.  R. ,  have  indicated  that  the 
detonation  process  in  these  explosives  is  non- 
uniform  and  basically  unstable  at  the  wavefront. 
Nonuniformities  of  the  detonation  wave  are  de¬ 
duced  from  self-light  streak  photographs  taken 
through  slits  at  the  side  and  back  wall  of  an  ex¬ 
plosion  container.  The  records  clearly  illus¬ 
trate  nonluminous  streaks  traveling  from  the 
edges  toward  the  center  of  the  tube.  The  pebbly 
structure  of  the  wave  in  a  nitromethane -acetone 
mixture  has  also  been  observed  by  Mallory  [3] 
by  an  impedance  mirror  technique. 

In  a  series  of  papers,  Dremin  [4]  and  collab¬ 
orators  have  developed  a  theory  that,  in  nitro¬ 
methane -acetone  mixtures,  all  nonuniformities 
of  the  wavefront  that  are  seen  as  dark  striations 
on  the  film  are  sites  of  no  reaction,  formed  at 
the  outside  boundary  of  the  explosive  during  im¬ 
pingement  of  the  detonation  front  on  the  tube 
wall.  However,  the  detonation  products  generat¬ 
ing  the  shock  wave  into  the  unburned  medium 
may  cause  reignition  after  a  certain  induction 
time  that  is  characteristic  of  the  particular  ex¬ 
plosive  mixture.  In  their  theory,  Dremin  and 
associates  have  developed  the  concept  of  a 
critical  diameter  which  sustains  detonation  with- 
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out  being  extinguished  by  the  radially  convergent 
rarefaction  waves.  In  trying  to  determine  this 
critical  diameter  for  other  liquid  explosives, 
Dremin  [5]  also  has  found  that  detonations 
through  some  of  the  liquids  do  not  exhibit  dark 
nonluminous  striations  and,  therefore,  must 
behave  like  classical  one -dimensional  detona¬ 
tions. 

Using  a  framing  camera,  Mallory  and 
Greene  [6]  have  looked  into  the  matter  of  inter¬ 
preting  streak  records  and  resolving  irregular¬ 
ities  by  this  method.  They  find  that  the  detona¬ 
tion  process  also  yields  large  dark  areas  which 
form  at  the  outside  edge  of  the  charge  and  move 
slowly  around  along  the  tube  wall,  never  reach¬ 
ing  the  center  of  the  charge.  Demonstrating  in 
a  way  that  streak  recor  ds  alone  are  insufficient 
to  complete  the  study  of  the  detonation  phenom¬ 
enon,  Mallory  has  confirmed  the  existence  of 
nonuniform  and  irregular  burning  at  the  wave- 
front. 

To  provide  a  different  insight  into  the  phenom¬ 
enon  of  detonation  in  liquid  explosives  and  in 
particular  to  gain  some  direct  analogy  between 
the  processes  taking  place  in  liquid  and  gaseous 
mixtures,  the  authors  [7]  have  developed  a  very 
simple  but  useful  technique  for  recording  traces 
of  the  detonation  as  it  propagates  along  the  walls. 
Independently,  a  similar  wall- trace  method  has 
been  devised  by  Howe  [8].  Wall  trace  records 
are  analogous  to  the  carbon  soot  records  which 
in  the  last  decade  have  gained  wide  recognition 
in  the  field  of  gaseous  explosives. 
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A  similar  technique  has  also  been  used  in 
solid  explosives  [9],  However,  in  this  case, 
microscopic  inhomogeneities  of  the  original 
mixture  probably  contribute  greatly  to  the  ob¬ 
served  pattern  on  recovered  walls. 

Although  some  of  our  wall -trace  records  of 
detonations  in  nitromethane -acetone  mixtures 
have  already  been  presented  [7],  the  authors 
intend  in  this  paper  to  show  that  these  traces 
are  the  paths  of  the  high  pressure  points  inher¬ 
ently  associated  with  the  wavefront.  Further¬ 
more,  it  is  hoped  that  new  trace  records  of 
detonations  in  various  shapes  and  sizes  of  con¬ 
tainers  will  stimulate  further  analytical  inves¬ 
tigations  of  this  phenomenon  similar  to  that 
being  presented  in  a  concurrent  paper  [10] . 


EXPERIMENTAL  > 

The  experiments  consisted  of  recovering 
side  walls  from  tubes  in  which  detonations  had 
taken  place.  The  best  results  were  obtained 
when  the  detonation  process  was  somewhat 
marginal;  i.e.,  when  various  wave  events,  if 


any,  were  sufficiently  far  apart  to  allow  visual 
interpretation  of  the  records.  A  cross  section 
of  the  experimental  assembly  is  shown  in 
Fig.  1. 

All  tubes  were  made  of  1/4 -in.  metal  plates 
bonded  together  by  resin  to  form  a  square  cross 
section  of  the  desired  dimension.  Before  as¬ 
sembly,  the  inner  surfaces  of  the  walls  were 
machined  flat  and  hydrohoned  to  a  uniform  matte 
surface  of  not  more  than  5 -micron  roughness. 

The  bottom  end  of  the  tube  was  sealed  by  a  25- 
micron  aluminum  foil;  the  top  was  left  open  for 
filling.  The  tube  housed  a  cylinder  of  C-4  solid 
explosive,  which  was  fitted  into  an  opening  in 
the  bottom  plate  so  as  to  be  in  direct  contact 
with  the  aluminum  foil  separating  it  from  the 
liquid  explosive. 

To  aid  in  recovery  of  the  walls,  the  tube  was 
imbedded  in  a  layer  of  Wood's  metal  which,  act¬ 
ing  as  a  momentum  trap,  protected  the  tube 
from  extraneous  deformation.  The  whole  assem¬ 
bly  was  surrounded  by  lead  bricks  which  acted 
as  a  barrier,  preventing  the  separated  wall 
plates  from  flying  too  far  from  the  test  point. 


Fig.  1  -  Cross  section  of  the  experimental  assembly 
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DISCUSSION 

To  study  the  effects  of  various  containers  on 
the  propagation  of  detonation  in  the  liquid  explo¬ 
sive,  the  experiments  were  performed  in  tubes 
of  different  sizes,  shapes,  and  materials.  Of 
the  four  materials  tested,  aluminum  was  the 
softest  and  underwent  the  most  deformation,  ob¬ 
scuring  any  traces  that  might  have  been  produced 
during  the  process.  Armco  iron  and  stainless 
steel  produced  the  most  distinct  white  lines  on 
the  otherwise  blackened  background.  Brass  dis¬ 
played  a  layer  of  carbon  deposited  in  such  a 
manner  that  the  pattern  was  clearly  visible.  An 
important  difference  between  the  records  on 
stainless  steel  and  brass  was  that,  on  the 
former,  the  traces  are  impregnated  into  the 
metal  and  could  not  be  washed  away  readily 
even  with  acetone,  while  on  the  latter  the  carbon 
layer  could  be  wiped  off  easily. 


Typical  records  of  wall  traces  left  in  brass 
and  stainless  steel  by  a  detonation  wave  propa¬ 
gating  through  a  straight  tube  of  2.5  X  2.5  cm2 
cross  section  are  presented  in  Fig.  2.  In  both 
cases,  the  detonable  mixture  was  80%  nitrometh- 
ane  and  20%  acetone  by  volume;  and  as  expected, 
the  pattern  is  of  approximately  the  same  mesh 
size. 

Both  records  exhibit  traces  produced  by  two 
different  modes  of  operation.  The  process  in 
the  first  8  cm  of  the  tube  is  predominently  over¬ 
driven.  The  fine  structure  of  the  wave  is  hardly 
visible.  What  appears  to  be  a  single-mode  det¬ 
onation  has  resulted  from  a  geometrical  mis¬ 
match  during  the  transition  of  detonation  from 
the  solid  explosive  into  the  liquid  test  mixture; 
this  will  be  discussed  later. 


Of  primary  interest  here  is  the  second  region, 
where  the  wall  exhibits  a  nonuniform  but  very 
regular  pattern  quite  similar  to  that  observed  on 
the  carbon  soot  records  of  gaseous  detonations. 
The  criss-cross  pattern  is  characteristic  of  a 
"multiheaded"  detonation  which  is  cellular  in 
structure  and  intrinsically  unstable  but  as  a 
whole  travels  at  a  constant  detonation  velocity 
near  its  theoretical  C-J  value. 


To  measure  the  velocity  of  detonation  in  a 
nitromethane -acetone  mixture,  experiments 
were  performed  in  stainless  steel  tubes  where 
barium  titanate  pins  were  imbedded  into  the 
side  wall  1  cm  apart  over  the  entire  length  of 
the  tube.  The  pins  were  so  located  that  their 
tips  were  only  1  mm  from  the  test  mixture. 
Since  the  distance  to  the  explosive,  was  con¬ 
trolled  to  within  5  micron,  all  pins  reacted  to 
the  shock  pressure  with  equal  delay  and  gave 
out  time -of-arrival  signals  with  an  estimated 
accuracy  of  1%.  The  history  of  the  processes 
taking  place  in  two  mixtures  (80:20  and  7  5:25 
nitromethane- acetone)  in  a  2  X  2  cm2  tube  are 
represented  on  a  space-time  diagram.  Fig.  3. 
This  figure  also  shows  the  wall  trace  record 


Fig.  2  -  Typical  records  showing  initial  traces 
due  to  geometrical  mismatch  of  the  explosives 
and  traces  during  the  steady  velocity  propagation 
of  the  process;  (a)  brass  walls,  (b)  stainless 
steel  walls 


actually  recovered  from  the  experiment  with 
the  75:25  mixture. 


With  the  slope  of  the  line  representing  the 
velocity  of  the  wave,  one  can  easily  see  that  in 
less  than  2  /usee  and  only  9  cm  of  travel  the 
wave  has  reached  an  apparent  steady  state, 
propagating  at  a  constant  velocity  of  5,65  and 
5.46  mm//Ltsec  in  the  rich  and  lean  mixture, 
respectively.  The  high  values  of  the  constant 
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velocity  also  indicate  that  the  processes  ob¬ 
served  here  and  recorded  on  the  walls  are  not 
of  the  degenerate,  low  velocity  type,  but  rather 
those  of  full  scale  detonations. 

The  significance  of  the  single -mode  trace  in 
the  initial  region  is  that  it  proves  the  traces  to 
be  those  marked  by  the  high  pressure  points  of 
the  triple  wave  intersections.  The  geometrical 
mismatch  between  the  two  explosives  is  gener¬ 
ated  because  the  04  igniter  was  made  as  a 
cylinder  1  in.  in  diam  while  the  internal  cross 
section  of  the  tube  was  2.5  X  2.5  cm2.  The  four 
corners  of  the  tube  thus  were  not  originally  in 
contact  with  the  primer;  and  when  the  detonative 
process  entered  the  test  mixture,  the  corners 
were  not  affected.  The  traces  in  Fig.  2  emerg¬ 
ing  from  the  corners  must,  therefore,  have 
been  originated  by  some  process  that  took  place 
at  a  later  time. 

When  this  process  is  compared  to  gaseous 
processes  that  would  occur  under  similar  con¬ 
ditions,  the  explanation  becomes  rather  simple. 
As  the  detonation  wave  enters  the  test  mixture 
from  a  solid  explosive,  it  is  at  first  highly  over¬ 
driven,  spreading  radially  into  the  corners. 
Converging  onto  the  trapped  unburned  mixture, 
the  wave  ignites  this  mixture,  producing  a 
sudden  release  of  energy  and  creating  a  new 
center  for  a  strong  detonation  wave  that  propa¬ 
gates  along  the  edge  of  the  tube  and  catches  up 
with  the  original  one.  Both  waves  being  of 
spherical  form  will  intersect  at  an  angle,  thus 
producing  a  line  of  intersection  which  along  the 
wall  appears  as  a  point.  The  corner  wave, 
being  stronger  and  faster  than  the  already 
attenuating  central  wave,  will  force  the  point 
of  intersection  towards  the  center  of  the  wall. 
This  inscribes  a  trace  which  appears  as  a  per¬ 
fect  replica  of  a  single  cell  in  gaseous 
detonations. 

The  main  proof  that  the  traces  are  produced 
by  localized  high  pressure,  such  as  those  known 
to  exist  at  Mach  intersections,  comes  from  the 
fact  that  some  of  the  records  exhibit  a  clear  and 
visible -by -eye  indentation  along  the  trace  and  a 
large  dented  area  where  the  two  traces  meet. 
This  effect  is  illustrated  in  Fig.  4,  which  shows 
three  surface  profiles  taken  along  the  line  in¬ 
dicated  on  the  accompanying  record.  Although 
the  measurement  of  the  surface  profile  is  fairly 
accurate,  to  within  5%,  the  actual  pressures 
that  caused  such  indentations  have  not  yet  been 
estimated. 

A  rather  enlightening  correlation  between 
gaseous  and  liquid  detonations  and  their  unique 
nonuniform  structure,  consisting  of  triple  wave 
intersections,  is  evidenced  by  the  behavior  of 
the  process  as  it  propagates  through  a  tube  and 
encounters  a  change  in  the  cross  sectional  area. 
The  experiments  were  performed  with  a  rich 
mixture  to  ensure  steady  propagation  of  the  wave 
through  the  initial  cross  section  1.5  X  1.5  cm2. 
Figure  5  shows  the  transition  of  detonation  into 
a  1.5  X  2.5  cm2  cross  section  through  a 


area  change  where  dA/dx 


The  mixture  here  is  80:20  nitromethane  to  ace¬ 
tone,  and  the  structure  is  seen  to  change  smooth¬ 
ly  from  a  cell  size  of  about  1  mm  to  that  of  about 
2  mm. 

Figure  6  illustrates  the  transition  through  a 
sudden  area  change  dA/dx  =  oo  from  a  1.5  X  1.5 
cm2  cross  section  into  a  1.5  X  2.5  cm2  cross 
section  (a)  and  a  1-1/2  X  2  cm2  cross  section 
(b).  In  both  cases,  the  mixture  is  85:15 
nitromethane  to  acetone.  The  effect  of  the  en¬ 
largement  is  quite  evident.  In  our  previous 
work  [7],  we  had  shown  that  larger  tube  sizes 
are  more  favorable  to  sustaining  the  process  in 
a  particular  mixture,  and  yet  here  the  process 
entering  a  larger  tube  undergoes  extinction,  in 
one  case  even  dying  out  completely.  This  can 
be  explained  only  on  the  basis  of  a  complex 
triple  wave  structure  in  which  the  process  is 
carried  on  behind  the  transverse  moving  waves 
and  sustained  by  continuous  interactions  and 
head-on  collisions  of  such.  During  the  transi¬ 
tion  into  sudden  enlargement  of  the  area,  unlike 
the  highly  overdriven  case  (Fig.  2b)  where  the 
detonation  is  easily  bent  around  the  corners, 
the  normal  and  steady  detonation  wave  suffers  a 
momentary  lack  of  reflections  which  locally 
attenuates  the  process  to  such  an  extent  that  it 
goes  to  extinction.  This  extinct  region,  where 
no  reaction  takes  place,  propagates  toward  the 
center  of  the  tube  with  the  velocity  of  sound 
corresponding  to  that  behind  the  detonation  wave, 
and  as  a  result  forms  a  triangular  dome  in  the 
direction  of  motion. 

If  a  wall  of  the  larger  tube  is  encountered  be¬ 
fore  a  certain  state  of  attenuation  is  reached, 
the  reflection  off  that  wall  reignites  the  mixture; 
but  revival  of  the  process  over  the  whole  cross 
section  additionally  depends  on  the  width  of  the 
nonreactive  zone,  and  also  on  whether  the  two 
reflected  waves  produce  a  sufficiently  strong  ex¬ 
plosion  center  upon  their  collision. 


relatively^mooth 
=  0.15  cm  / cm. 


The  effect  of  the  larger  tube  on  the  transition 
of  detonation  into  a  sudden  change  of  area  is 
clearly  demonstrated  by  the  two  cases  shown  in 
Fig.  6.  In  (a),  the  walls  were  recessed  5  mm 
away;  and  although  reignition  did  occur  behind 
the  reflected  wave,  the  process  did  not  survive. 
In  (b),  the  larger  tube  walls  were  recessed  only 
2.5  mm;  and  they  turned  out  to  be  sufficiently 
close  to  reignite  the  mixture,  not  only  behind  the 
reflection  off  the  wall  but  also  behind  the  collis¬ 
ion  of  the  two  reflected  waves  at  the  center  of 
the  tube.  In  this  particular  case,  the  non¬ 
reacting  zone  persisted,  continuing  on  for 
another  cycle  until  the  third  reflection  off  the 
wall  finally  led  to  its  elimination,  letting  the 
process  go  on  unobstructed. 

The  same  phenomenon  is  observed  in  gaseous 
detonations  and  is  best  described  in  Ref.  [11]. 

A  similar  phenomenon  in  liquid  explosives  was 
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Fig.  3  -  The  space-time  history  of  detonation  waves  propagating  through 
7  5:25  and  80:20  nitrom ethane- acetone  mixtures  in  a  2  X  2  cm2  stainless 
steel  tube.  The  numbers  indicate  the  velocity  in  mm//usec.  The  wall  trace 
record  along  the  ordinate  is  from  the  7  5:25  mixture 


investigated  by  Dremin  and  Savrov  [12]  with 
streak  self-light  photography  through  a  slit  in 
the  back  wall  of  the  larger  tube.  However, 
there  the  main  object  of  the  investigation  was  to 
establish  the  critical  minimum  diameter  of  the 
smaller  tube  from  which  detonation  would  pass 


unobstructed  into  a  large  volume  with  no  limita¬ 
tions  on  the  size  of  the  larger  tube.  The  present 
records  demonstrate  the  importance  of  the  walls 
after  transition  into  the  large  tube  and  clearly 
illustrate  the  effect  of  a  reflection  on  the  propa¬ 
gation  of  detonation. 
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To  further  our  study  of  the  behavior  of  the 
detonation  wave  and  its  ability  to  re  ignite  after 
collisions,  an  experiment  was  performed  in 
which  a  steady  state  wave  was  split  around  a 
wedge  and  then  brought  back  together  with  a 
head-on  collision  in  a  manner  like  that  which 
takes  place  in  each  of  the  cells  of  gaseous  det¬ 


onations.  The  two  colliding  waves  then  produce 
a  new  explosion  center,  which  creates  a  new 
detonation  wave  spreading  out  as  a  single  cell. 
The  record  of  such  an  experiment  is  shown  in 
Fig.  7.  Here  the  wedge  was  only  1  cm  high  in 
the  tube  that  was  originally  2.5  X  2.5  cm2.  The 
mixture  was  80:20  nitromethane  to  acetone. 


Fig.  4  -  Surface  profiles  across  the  traces  in¬ 
duced  by  a  geometrical  mismatch  of  the  explo¬ 
sives  during  the  ignition  process.  The  mixture 
was  75:25  nitromethane -acetone  in  a  2.5  X  2.5 
cm2  stainless  steel  tube 


Fig.  5  -  Wall  trace  records  depicting  the  tran¬ 
sition  of  detonation  through  a  smooth  enlarge¬ 
ment  of  the  cross  section  area  from  a  1.5  X 
1.5  cm2  into  a  1.5  X2.5  cm2  stainless  steel  tube. 
The  mixture  was  80:20  nitromethane  to  acetone 
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Fig.  6  -  Wall  trace  records  depicting  the  transition  of  detonation  through  a  sudden  enlargement  of  the 
tube  cross  section  from  a  1.5  X  1.5  cm2  into  (a)  1.5  X  2.5  cm2  and  (b)  1.5  X  2  cm2.  The  mixture 
in  both  cases  is  85:15  nitromethane  to  acetone 


In  light  of  what  happened  to  the  detonation 
process  with  sudden  expansion  of  the  tube 
(Fig.  6),  a  wide  white  trace — the  evidence  of 
no  reaction  —  appeared  behind  the  wedge  and 
proceeded  towards  the  side  walls.  However, 
the  nonreactive  shock  waves  that  propagated 
around  the  corners  of  the  wedge  collided  head 
on  and  produced  a  locally  intense  pressure  re¬ 
gion  which  turned  into  a  new  explosion  center, 
which  in  turn  generated  a  new  detonation  wave 
spreading  out  as  a  spherical  wave  and  engulfing 
the  whole  cross  section.  The  trace  of  the  un¬ 
reacted  cone  moved  away  from  its  origin  behind 
the  wedge  and  then  propagated  along  the  two  side 
walls,  reaching  the  fourth  wall  in  a  manner 
similar  to  the  so-called  slapping  wave.  While 
the  nonreacting  zone  ultimately  seems  to  have 
covered  the  whole  cross  section  of  the  tube,  the 
newly  ignited  detonation  took  over  and  continued 
the  process  to  the  end. 

In  a  more  dilute  mixture,  the  collision  of 
shock  waves  behind  the  wedge  might  be  strong 
enough  to  generate  a  new  explosion  center  which 
would  re  ignite  the  mixture  at  that  point,  but  it 
would  not  have  sufficient  strength  to  induce  and 
sustain  detonation  over  the  whole  cross  section. 


Failure  to  reestablish  detonation  occurred  in  a 
75:25  nitromethane -acetone  mixture,  a  record 
of  which  is  shown  in  Fig.  8.  The  weakness  of 
the  mixture,  which  in  essence  was  the  cause  for 
the  suppression  of  the  detonation  process,  was 
also  the  reason  for  more  details  on  the  record 
before  the  wedge  and  in  the  narrow  section  of 
the  tube.  Of  interest  here  is  the  pattern,  which 
resembles  the  waveform  usually  obtained  in  a 
steady  transonic  flow  around  a  wedge  or  airfoil. 
What  this  pattern  represents  is  difficult  to 
answer  at  this  time;  however,  one  could  spec¬ 
ulate  that  as  the  detonation  wave  passed  the 
wedge,  the  flow  behind  it  may  have  been  locally 
transonic  and  steady  long  enough  to  impregnate 
the  characteristic  pattern.  That  the  pattern  is 
indeed  impregnated  into  the  plate  and  nearly 
0.1  mm  deep  is  deduced  from  the  surface  pro¬ 
file  which  was  scanned  along  the  line  parallel  to 
the  wedge  and  2  mm  away  from  it. 

Thus,  from  all  the  evidence  above,  it  is 
rather  clear  that  the  front  of  a  detonation  wave 
in  a  homogeneous  nitromethane -acetone  mixture 
is  not  one -dimensional  but  rather  a  complex 
three-dimensional  structure  consisting  of  pres¬ 
sure  discontinuities.  The  traces  being  caused 
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Fig.  7  -  Wall  trace  records  of  detonation  traveling  past  a  wedge  1  cm  high.  The  tube 
was  2.5  X  2.5  cm2  stainless  steel  and  the  mixture  80:20  nitromethane  to  acetone 


Fig.  8  -  Wall  trace  records  of  detonation  traveling  past  a  wedge  1  cm  high.  The 
tube  was  2.5  X  2.5  cm^  stainless  steel  and  the  mixture  7  5:25  nitromethane  to 
acetone 
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by  high  pressure  peaks  mark  the  paths  of  the 
triple  wave  intersections  as  they  propagate  in 
the  transverse  direction,  colliding  and  enforcing 
each  other. 

The  slope  of  the  trace  relative  to  the  tube  axis 
is  in  all  cases  near  45  deg,  suggesting  that  the 
transverse  velocity  of  the  triple  points  is  very 
close  to  the  detonation  velocity.  In  effect,  this 
also  indicates  that  instabilities  of  the  wavefront 
are  of  the  same  order  of  magnitude  in  the  direc¬ 
tion  of  detonation  as  well  as  in  the  transverse 
direction. 


CONCLUSION 

In  conclusion,  then,  it  is  felt  that  the  simi¬ 
larity  is  established  between  the  processes  that 
take  place  in  gaseous  and  nitromethane- acetone 
mixtures,  and  that  the  cellular  wavefront  is  an 
essential  feature  of  the  detonation  process  in 
these  explosives.  Whether  the  same  is  true  for 
other  homogeneous  liquid  explosives  is  not  yet 
known.  The  authors  intend  to  use  this  experi¬ 
mental  technique  on  liquids  which,  on  the  basis 
of  photographic  records  [5],  seem  to  behave 
differently  and  produce  uniform,  stable,  one- 
dimensional  detonation  fronts. 
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ON  THE  DYNAMICS  OF  SHOCK  INTERSECTIONS 
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Upon  the  recognition  that  collisions  between  shock  intersections  play  a 
dominant  role  in  the  self-sustenance  of  detonations,  an  analysis  of 
their  dynamic  properties  is  presented,  covering  a  full  scope  of  possible 
wave  configurations  in  gaseous  media  as  well  as  in  condensed  explo¬ 
sives.  In  both  cases  theoretical  results  and  experimental  records  are 
shown  to  be  in  satisfactory  agreement. 


INTRODUCTION 

In  the  last  decade  our  concepts  of  gaseous 
detonation  waves  have  been  completely  revolu¬ 
tionized  [1,2).  Instead  of  the  classical  NDZ 
model  of  a  plane  shock  followed  by  a  steady- 
flow  deflagration,  it  became  evident  that  the 
self-sustaining  wave  is  both  nonsteady  and  non- 
homogeneous.  The  mechanism  of  wave  propa¬ 
gation  was  revealed  to  be  associated  with  the 
action  of  a  set  of  concentrated  explosions  that 
generate  blast  waves  whose  fronts  are,  as  a 
rule,  nonplanar.  The  latter  collide  with  each 
other,  creating  intersection  points  which,  in 
turn,  undergo  mutal  collisions  producing  new 
shock  intersections  that  bring  about  new  explo¬ 
sion  centers,  while  for  most  of  the  time  be¬ 
tween  collisions  the  wave  system  is  in  a  state 
of  decay.  The  overall  steady  state  propagation 
is  thus  achieved  as  a  result  of  a  balance  be¬ 
tween  the  wave  amplification  due  to  new  explo¬ 
sions  and  the  wave  decay  during  the  remainder 
of  the  time. 

This  work  was  supported  by  the  U.S.  Air 
Force  through  the  Air  Force  Office  of  Scien¬ 
tific  Research  under  Grant  AFOSR  129-67,  by 
the  National  Aeronautics  and  Space  Adminis¬ 
tration  under  Grant  NsG-702/05-003-050,  and 
by  the  National  Science  Foundation  under 
Grant  NSF  GK-2156;  it  was  carried  out  also, 
in  part,  under  the  auspices  of  the  U.  S.  Atomic 
Energy  Commission. 


As  it  is  apparent  from  the  above,  shock  in¬ 
tersections  and  their  collisions  play  a  dominant 
role  in  the  self-sustenance  of  detonation  waves. 
Moreover,  they  provide  simple  diagnostic 
means  for  the  study  of  the  wave  structure,  since 
intersection  points  leave  traces  of  their  trajec¬ 
tories  on  the  walls  along  which  the  detonation 
wave  propagates,  yielding  an  informative  rec¬ 
ord  of  their  dynamic  behavior.  The  traces 
are  produced  as  a  result  of  the  fact  that  shock 
intersections  generate  regions  of  high  pressure 
and  temperature  which,  as  a  consequence  of 
rarefaction  associated  with  the  basic  blast  wave 
structure  of  the  flow  field,  are  localized  in  the 
immediate  vicinity  of  the  intersection  points. 
These  regions  contain,  moreover,  concentrated 
vortices  due  to  the  action  of  the  slip-line  dis¬ 
continuity  that  is  concomitant  to  any  asymmet¬ 
ric  shock  intersection.  Thus  the  traces  of  the 
trajectories  of  the  intersection  points  can  be 
engraved  on  the  walls  by  the  sharp  pressure 
peaks  as  well  as  by  the  twister  action  of  the 
vortices.  The  latter  is  the  prevailing  mecha¬ 
nism  producing  the  well-known  smoke-foil 
records  in  gaseous  detonations,  while  the 
former  provides  principal  means  for  the  attain¬ 
ment  of  similar  records  in  condensed  explo¬ 
sives. 

The  purpose  of  this  paper  is  to  present  the 
dynamic  properties  of  collisions  between  shock 
intersections  in  a  gaseous  medium  as  well  as 
in  a  condensed  phase  explosive.  While  the 
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analysis  of  shock  intersections  is  textbook 
material  [3,4],  their  collisions  have  received 
only  sporadic  attention  [1,5].  The  basic  fea¬ 
tures  of  these  processes  are,  therefore,  de¬ 
veloped  here  from  elementary  concepts. 

SHOCK  INTERSECTIONS 

In  a  detonating  medium  shocks  are  generated 
in  blast  waves  where  they  appear  primarily  as 
their  fronts.  They  form  intersections  between 
each  other  as  a  result  of  either  head-on  or 
rear-end  collisions,  as  illustrated  in  Fig.  1. 

In  the  case  of  a  head-on  collision.  Fig.  1(a), 
at  first  the  two  fronts  undergo,  along  the  line  of 
centers,  a  normal  interaction  producing  a  re¬ 
flected  shock  [3,4,6].  At  the  next  instant  quad¬ 
ruple  shock  intersections  are  formed  on  both 
sides  of  the  line  of  centers.  When  the  inter¬ 
section  angle  acquires  a  certain  critical  value, 
the  quadruple  shock  intersection  can  no  longer 
satisfy  the  dynamic  compatibility  conditions, 
and  triple  shock  intersections  set  in. 

The  rear-end  collision  occurs,  as  illustrated 
in  Fig.  1(b),  when  the  second  explosion  is 
formed  inside  the  blast  wave  of  the  first,  or, 
what  is  of  course  equivalent,  when  an  explosion 
occurs  behind  a  plane  shock.  In  this  case,  at 
first  the  two  shock  fronts  merge  along  the  line 
of  centers,  producing  a  transmitted  shock  and  a 
reflected  rarefaction  fan.  At  the  next  instant, 
triple  shock  intersections  are  generated.  The 
trajectories  of  these  intersections,  referred  to 
simply  as  ’’triple-points,"  are  represented  in 
Fig.  1  by  broken  lines. 

If  the  shock  fronts  are  sufficiently  thin  in 
comparison  to  the  flow  field  treated  by  the 
analysis,  which  is  usually  the  case  with  strong 
shocks,  in  the  immediate  vicinity  of  an  inter¬ 
section  point  the  curvatures  of  the  fronts  can  be 
neglected  and  the  surrounding  flow  field  con¬ 
sidered  to  be  essentially  the  same  as  in  the  case 
of  plane  fronts.  The  various  wave  configura¬ 
tions  that  are,  under  such  circumstances, 
dynamically  compatible  are  depicted  in  Fig.  2. 
Shown  first  is  a  quadruple  shock  intersection 
equivalent,  in  effect,  to  an  asymmetric  regular 
reflection  (Fig.  2(a)).  As  the  strength  of  one  of 
the  waves  participating  in  the  intersection  is 
increased  while  the  other  is  assumed  to  remain 
the  same  as  before,  the  reflected  shock  behind 
the  stronger  wave  becomes  annihilated  and  one 
obtains  an  inverse  Mach  intersection,  shown 
next  (Fig.  2(b)).  Then,  for  still  higher  strength 
of  both  incident  waves,  a  normal  Mach  inter¬ 
section  is  obtained  (Fig.  2(c)).  In  this  case  the 
Mach  stem  is  normal  to  the  incident  flow  and  the 
reflected  shock  is  identical  to  that  of  a  symme¬ 
tric  regular  reflection.  Following  this,  one 
gets  the  conventional  Mach  intersection 
(Fig.  2(d)).  The  limiting  case  for  this  con¬ 
figuration  is  attained  when  the  reflected  shock 
becomes  normal  to  local  flow  (Fig.  2(e)). 

After  that  one  can  have  either  a  conventional 
(Fig.  2(f))  or  a  choked  (Fig.  2(g))  "arrowhead" 


(b) 

Fig.  1  -  Illustration  of  the  formation  of  shock 
intersections  in  an  explosive  medium:  (a)  head- 
on  collision  between  blast  waves;  (b)  rear-end 
collision  between  blast  waves 


intersection  —  one  in  which  all  three  shocks 
are  of  the  same  family  (i.e.,  they  turn  the  flow 
in  the  same  sense),  the  latter  being  associated 
with  a  Prandtl-Meyer  expansion  while  the  flow 
behind  the  reflected  shock  is  locally  sonic. 

The  dynamic  compatibility  conditions  which 
a  wave  intersection  must  satisfy  stem  from  the 
requirement  that  each  component  has  to  obey 
the  jump  conditions  for  an  oblique  gasdynamic 
discontinuity,  while  the  flow  field  generated  by 
the  intersection  has  to  have  uniform  pressure 
and  its  particle  velocities  with  respect  to  the 
intersection  point  must  be  mutually  parallel. 

It  is  the  latter  condition  that  gives  rise  to  a 
slip-line  discontinuity.  For  a  given  Mach 
number  of  incident  flow.  Mi,  the  jump  condi¬ 
tions  specify  the  angle  of  incidence,  0,  the  flow 
deflection  angle,  6,  and  the  downstream  flow 
Mach  number,  Mj,  as  a  function  of  the  coordi¬ 
nates  of  a  point  on  the  Hugoniot  curve. 

In  terms  of  nondimens ional  pressure  ratio, 

P  s  Pj/Pii  specific  volume  ratio,  v  =  vj/v^  and 
the  local  velocity  of  sound  parameter, J 
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Fig.  2  -  Typical  shock  intersection  patterns:  (a)  quadruple  intersection  (equivalent  to  an  asymmetric 
regular  reflection);  (b)  inverse  Mach  intersection;  (c)  normal  Mach  intersection;  (d)  conventional 
Mach  intersection;  (e)  limiting  case  of  the  conventional  Mach  intersection  where  reflected  shock  is 
normal  to  local  flow;  (f)  conventional  "arrowhead"  intersection;  (g)  choked  "arrowhead"  intersection 
(sonic  flow  behind  reflected  shock) 


rk-p^-  <■» 

these  parameters  can  be  expressed  as 
follows  [5]: 


Thus,  for  a  given  Mp  Eqs.  (2),  (3),  and  (4) 
become  functions  of  the  pressure  ratio  alone, 
if  the  specific  volume  ratio  is  eliminated  by  the 
use  of  the  Hugoniot  equation.  The  latter  can  be 
expressed  most  conveniently  in  the  form  of  a 
rectangular  hyperbola,  which,  for  a  shock  front, 
represents  the  Rankin e- Hugoniot  curve  passing 
through  the  point  P  =  1  and  v  -  1 .  Its  equation 
is  then: 

(P  +0p)  (v  -  /y  =  (1  +  /3p)  (1  -  /y,  (6) 


and  it  represents,  indeed,  an  excellent  approxi¬ 
mation  for  most  gaseous  substances.  In  this 
case  Eq.  (5)  becomes: 


riMn 


P  +  0p 

T~=T7  ' 


(7) 


where,  with  reference  to  Eq.  (2),  Mn,  the 
Mach  number  of  the  normal  component  of  in¬ 
cident  flow,  is  related  to  the  coordinates  of  the 
Hugoniot  curve  by  the  equation: 


and,  since  Mn  =  1  as  P  =  1,  the  velocity  of 
sound  parameter  becomes  related  to  the  asymp¬ 
totes  of  the  Rankine-Hugoniot  hyperbola  as 
follows: 


9  w  9  9 

riMn-p^  =  riM?  sin  ®  = 

*1  1 


P  - 


(5) 


(8) 
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For  a  perfect  gas  with  constant  specific  heats, 
ric  =  y  While /3k  =  (7  -  i)/(7  +  i)  (k  =  i.j). 

As  a  consequence  of  the  fact  that  the  com¬ 
patibility  conditions  require  the  establishment 
of  a  regime  of  uniform  pressure  and  flow  direc¬ 
tion  immediately  behind  a  wave  intersection, 
the  key  to  the  solution  of  most  problems  in  this 
domain  is  the  relationship  between  the  pressure 
and  the  flow  deflection  angle,  known  as  the 
shock  polar.  Computer  plots  of  such  polars 
and  of  their  auxiliary  diagrams  for  the  evalua¬ 
tion  of  the  incidence  angle,  0,  and  the  Mach 
number,  Mj,  based  on  Eqs.  (1)  through  (8)  for 
the  case  of  a  perfect  gas  with  7  =  1.4  (i.e., 

P  =  1/6),  are  given  in  Plates  1,  2,  and  3.  With 
their  use,  the  various  intersections  depicted  in 
Fig.  2  (except  for  case  (g))  were  solved  graph¬ 
ically  [5],  as  shown  in  Fig.  3. 


Fig.  3  -  Shock  polar  solutions  of  the  intersec¬ 
tion  processes  represented  in  Fig.  2 


COLLISIONS  BETWEEN  INTERSECTIONS 

As  pointed  out  in  the  introduction,  the  most 
important  events  in  the  self-sustenance  of 
detonations  are  collisions  between  shock  inter¬ 
sections.  Since,  as  it  is  evident  from  Fig.  1, 
any  intersection  pattern  produced  by  explosions 
must  evolve  into  a  triple-point  intersection, 
while  in  the  most  common  case  of  shock- 
induced  explosions  represented  by  Fig.  1(b), 
such  intersections  are  formed  immediately  at 
the  outset,  only  this  case  need  be  thus  consid¬ 
ered. 


Symmetric  Collision 

A  symmetric  collision  between  triple-point 
intersections  is  described  schematically  in 
Fig.  4,  showing  the  wave  configurations  im¬ 
mediately  before  and  after  this  event.  As  a 
rule,  the  intersection  point  "consumes"  the 
weaker  incident  shock,  I.  In  order  for  a  col¬ 
lision  to  occur,  this  shock,  must  be  thus  "con¬ 
sumed"  from  two  sides,  and  the  collision  takes 
place  then  at  the  moment  when  it  becomes  an¬ 
nihilated.  Immediately  after  this,  the  two 
stronger  shocks,  II,  of  the  previous  configura¬ 
tion  acquire  the  role  of  the  weaker  shocks,  I', 


Fig.  4  -  Schematic  diagram  of  a  symmetric 
collision  between  triple-points 


while  either  a  new  stronger  shock,  II',  is 
formed  "pushing"  the  triple  points  away  from 
the  axis  of  symmetry,  or  a  regular  reflection 
is  obtained,  as  that  of  Fig.  2(c),  so  that  the 
resultant  triple  point  "slides"  along  the  axis  of 
symmetry.  In  the  latter  case  a  Mach  inter¬ 
section  will  eventually  be  formed,  as  illustrated 
by  Fig.  1(a).  Of  particular  significance  to  the 
self-sustenance  of  detonations  is  here  the  fact 
that,  as  a  result  of  this  process,  in  both  cases 
a  high  pressure  and  temperature  region  asso¬ 
ciated  with  a  concentrated  vortex  is  created  in 
the  immediate  vicinity  of  the  collision  point. 

Solutions 


The  wave  system  resulting  from  a  symmetric 
collision  is  fully  determined  by  the  fact  that  the 
weaker  incident  shock  after  collision  was  the 
stronger  shock  before,  while,  due  to  symmetry, 
the  newly  formed  stronger  shock  is  perpendic¬ 
ular  to  the  axis  of  symmetry.  The  process  of 
collision  has,  therefore,  two  invariants:  the 
pressure  ratio,  P,  across  the  wave  which  re¬ 
mains  unaffected  by  this  process,  and  the  angle 
between  the  two  shock  fronts,  $. 

Exploiting  the  plane  of  collision  invariants, 
one  can  thus  construct  a  chart  for  the  evalua¬ 
tion  of  the  resultant  wave  system.  Figure  5 
represents  such  a  chart  for  the  case  of  a  per¬ 
fect  gas  with  7  =  1.4.  The  wave  systems  that 
can  be  obtained  after  collision  are  represented 
there  by  continuous  lines  determined  by  taking 
for  P  the  pressure  ratio  across  the  weaker  in¬ 
cident  shock.  The  corresponding  wave  systems 
before  collision  are  represented  by  broken 
lines;  these  were  obtained  simply  by  taking  for 
P  the  pressure  ratio  across  the  stronger  shock 
of  the  same  intersection.  The  chain-dotted 
lines  denoted  by  represent  the  loci  of  the 
normal  reflected  shock  solutions  (case  (e)  of 
Figs.  2  and  3),  while  those  denoted  by  S>M  are 
the  regular  reflection  limits  (case  (c)  of 
Figs.  2  and  3)  beyond  which  the  angle  of  re¬ 
flection,  a 1  =  0. 
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On  the  P  -  0  plane  of  Fig.  5,  each  point  of 
intersection  between  a  continuous  line  and  a 
broken  line  represents  a  solution  of  a  collision 
process,  specifying  fully  the  wave  systems  im¬ 
mediately  before  and  after  this  event.  Once  the 
solution  in  terms  of  P  and  is  known,  the 
angles  between  the  trajectories  of  the  triple 
points  can  be  determined  from  the  auxiliary 
0  =  0(6)  plot,  Plate  2,  as,  by  reference  to 
Fig.  4, 


Fig.  5  -  Solutions  of  collision  processes  be¬ 
tween  triple-points  on  a  plane  of  collision  in¬ 
variants  (the  case  of  a  perfect  gas  with  T  =  1.4) 

ct  ~  90°  — 

while 

<*'  =  90°  -  =  90°  -  $  -  0f  .  (9) 

Thus,  making  use  of  Fig.  5  and  Plates  1  and 
2,  the  angles  between  the  trajectories  of  the 
triple-point  intersections  before  and  after  sym¬ 
metric  collisions  were  evaluated  for  a  set  of 
incident  flow  Mach  numbers,  and  the  results 
are  given  in  Figs.  6  and  7.  From  the  latter 
one  should  note  that  a  -  a'  becomes  negligibly 
small  as  0  tends  to  zero  which  corresponds  to 
=  1,  the  condition  which  is  attained  when  the 
reflected  shock  becomes  reduced  to  a  charac¬ 
teristic.  Moreover,  as  it  appears  there,  the 
relationship  between  0j  and  $  is  practically  in¬ 
dependent  of  the  incident  flow  Mach  number, 
especially  if  its  value  is  high  enough.  Since 
this  means  that  in  Eq.  (9)  0j  +  0j\  one  has 


Fig.  6  -  Solutions  of  collision  processes  cor¬ 
responding  to  Fig.  5  expressed  in  terms  of 
shock  incidence  angles 


Fig.  7  -  Solutions  of  collision  processes  cor¬ 
responding  to  Fig.  5  expressed  in  terms  of  the 
triple-point  trajectory  angles 
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therefore,  in  this  case,  quite  a  simple  rule  for 
estimating,  with  good  approximation,  the 
change  in  the  angle  between  the  trajectories  of 
the  triple-points  due  to  their  collision,  namely, 

or  -  a 1  =  G>  .  (10) 

Asymmetric  Collision 

An  example  of  wave  configurations  asso¬ 
ciated  with  an  asymmetric  collision  is  repre¬ 
sented  by  Fig.  8.  The  wave  system  before 
collision  shares  the  incident  shock,  so  that 


Fig.  8  -  An  example  of  an  asymmetric  collision 
between  triple-points 


PlA  3  PIB*  Tlie  resultant  wave  system  is 
determined  by  four  conditions  which  are  im¬ 
posed  by  the  requirement  that  the  two  stronger 
shocks  of  the  initial  wave  system  are  unaffected 
by  the  collision,  acquiring  the  roles  of  the 
weaker  incident  shocks  after  this  event,  while 
the  newly  formed  stronger  shock  is  common  to 
both  the  resultant  intersections  A'  and  B'.  One 


has,  therefore. 

(i) 

PIIA 

PIA' 

(2) 

PIIB  = 

PIB' 

(3) 

*a  +  4b 

=  *A«  +  % 

(4) 

PIIA'  = 

PIIB'  * 

The  solution  corresponding  to  Fig.  8  is  one 
which  satisfies  these  conditions  in  the  case  of 
two  Mach  intersections  generated  by  an  inci¬ 
dent  shock  of  Mach  number  Mj  =4.06  (Pj  =  19.5 
if  7  =  1.4)  in  a  shock  tube  fitted  with  two  wedges, 
one  of  a  20°  and  the  other  of  a  30°  apex  angle. 
This  is  shown  in  Fig.  5,  demonstrating  how 
the  numerical  results  given  in  Fig.  8  were 
obtained.  As  can  be  observed,  the  approxi¬ 
mate  rule  of  Eq.  (10)  applies  here  as  well, 
since  the  difference  between  the  values  of 
2  a  =70°  and  2  a'  =20.5°  is  practically  equal  to 
\  +  <&B=  20°  +  30°  =  50°. 


Experimental  Verification 

The  physical  validity  of  the  above  theory  has 
been  demonstrated  by  comparison  with  a  variety 
of  experimental  results  obtained  in  the  course 
of  detonation  processes  [1]  as  well  as  with  the 
use  of  inert  gases  where  the  shock  intersections 
were  generated  by  means  of  wedged  walls  in 
shock  tubes  as  in  the  case  of  Fig.  8.  Selected 
for  illustration  here  were,  in  fact,  the  records 
corresponding  to  this  case.  They  were  obtained 
in  a  shock  tube  1-3/4  X  1-3/4  in.  in  cross  sec¬ 
tion  filled  initially  with  nitrogen  at  room  tem¬ 
perature  and  a  pressure  of  5  mm  Hg — the 
conditions  for  which  the  assumption  that  the 
substance  behaves  as  a  perfect  gas  with  y  =  1 .4 
is  indeed  very  good.  Stroboscopic  laser- 
schlieren  records  of  the  wave  systems  obtained 
when  the  incident  shock  Mach  number  was  4.06 
are  given  in  Fig.  9.  The  smoke- film  traces  of 
trajectories  of  the  triple  points  are  represented 
in  Fig.  10.  Their  agreement  with  Fig.  8  is  in¬ 
deed  most  satisfactory. 

THE  CASE  OF  A  CONDENSED  EXPLOSIVE 

Recently  some  records  of  condensed  explo¬ 
sives  resembling  the  smoke-film  traces  of 
gaseous  detonations  became  available  [7],  The 
clearest  evidence  of  such  traces  was  obtained 
with  nitromethane-acetone  mixtures  (8).  These 
records  were  therefore  adopted  here  as  the  test 
case  for  checking  the  applicability  of  our  simple 
theory  of  collisions  between  triple  points  to 
wave  phenomena  in  a  condensed  phase. 

As  a  consequence  of  the  dearth  of  available 
information  on  the  thermodynamic  properties  of 
this  medium  at  the  high  pressures  achieved  in 
detonation  experiments,  only  a  rough  estimate 
of  the  Rankine-Hugoniot  curves  could  be  made 
at  this  time. 

For  incident  shock  fronts  this  is  based  on 
experimental  records  [9]  according  to  which  it 
appears  that,  in  the  regime  of  interest,  the 
normal  shock  velocity,  w~,  can  be  assumed  to 
be  linearly  related  to  the  induced  particle  veloc¬ 
ity,  u;  i.e., 

wn  =  ai  +  bu  ,  (11) 


where  a^,  the  normal  shock  velocity  correspond¬ 
ing  to  u  =  0,  is,  of  course,  the  measure  of  the 
local  velocity  of  sound  in  the  undisturbed 
medium. 


As  a  consequence  of  Eq.  (11),  one  obtains,  by 
virtue  of  mechanical  shock  conditions. 


w  -  u  , 

v  .  i  -  1 


E+ETvT 

n 


(12) 


and,  with  the  use  of  Eq.  (1), 


P  =  1+jr^=1+TTMn(Mn-1)-  <13) 
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20°/  30°  RAMP  20° /  30°  ramp 


INCIDENT  MACH  NUMBER  =  4.06 


INCIDENT  MACH  NUMBER  =  4.06 

Fig.  10  -  Smoke-film  traces  of  the  process  re¬ 
corded  in  Fig.  9 

For  the  evaluation  of  wave  intersection  proc¬ 
esses  one  needs,  in  addition  to  the  shock 
Hugoniot  on  the  pressure-specific  volume  plane, 
information  on  the  local  velocity  of  sound  in  the 
shock  compressed  medium.  Since,  at  present, 
there  is  no  experimental  evidence  available  in 
this  connection,  we  could  base  our  estimate  at 
this  juncture  only  on  some  general  properties 
of  condensed  materials  [6],  From  these  we 
concluded  that  possibly  the  simplest  expression 
for  this  purpose  that  is  still  compatible  with  the 
proper  behavior  of  the  substance  is 

a2  =  w2  +  cu2  ,  (16) 

where  c  is  a  constant.  Noting  that  from  me¬ 
chanical  shock  conditions, 

u2  =  (P  -  1)  (1  -  v )  p.Vi  ,  (17) 

and  taking  advantage  of  Eqs.  (1)  and  (5),  Eq.  (16) 
becomes 


Fig.  9  -  Stroboscopic  laser-schlieren  records 
of  the  generation  of  triple-points  by  means  of 
wedges  in  a  shock  tube  and  of  an  asymmetric 
collision  between  them 


Eliminating  Mn  from  the  above  two  equations, 
one  gets  the  following  expression  for  the 
Rankine-Hugoniot  equation: 


r.  = 


P  -  1 


i  Pi/  (l  -  i/) 


+  c 


(P  -  1)  (1  -  v) 
- Pv - 


(18) 


whence,  by  virtue  of  Eq.  (4)  combined  with 
Eqs.  (5)  and  (9),  one  obtains 


sec2  a  -  M2  -  1  -hi/2 
(1  -  v)2  M2 


(19) 


[1  -  b  (1  -  v)]2  =  r.  .  (14) 

For  v  <  1  the  curve  representing  this  equa¬ 
tion  on  the  P  -  v  plane  resembles  a  branch  of 
a  rectangular  hyperbola.  Its  negative  slope  at 
v  -  1  is  equal  to  T^t  similarly  as  in  the  case  of 
the  hyperbolic  expression  for  the  Rankine- 
Hugoniot  curve,  Eq.  (6),  while  its  asymptote  at 
P  =  oo  is 

0  =  1  -  £  .  (15) 


The  value  c  can  be  estimated  from  triple¬ 
point  trajectories.  A  record  of  such  trajec¬ 
tories,  obtained  with  the  use  of  a  nitromethane- 
acetone  mixture,  is  shown  in  Fig.  11,  an 
enlargement  of  a  segment  of  a  record  of 
Ref.  [8].  As  they  appear  there,  the  traces  of 
the  triple-points  intersect  each  other  at 
approximately  right  angles  without  a  noticeable 
change  in  direction;  i.e.,  ct  =  or*  =  45°.  Accord¬ 
ing  to  the  observations  made  here  in  connection 
with  Figs.  5  and  6,  one  can  conclude  from  this 
that  =  0,  which  means  that  the  triple  points 
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Fig.  11  -  An  enlargement  of  a  segment  of  a  record  of  Hef.  [8]  show¬ 
ing  traces  of  triple-point  trajectories  in  a  nitromethane-acetone 
mixture 


are  associated  then  with  " arrowhead"  inter¬ 
sections  in  the  vicinity  of  Mj  =  1.  Under  such 
circumstances  Eq.  (19)  reduces  to 


whence,  as  a  consequence  of  Eq.  (12),  noting 
that  Mn  =  cos  a , 

/  b  M .  \  2 

C  \Mi  -  sec  a  y  (21) 

Now,  for  an  84:16  nitromethane-acetone 
mixture,  a  composition  corresponding  most 
closely  to  that  used  for  experiments  reported 
in  Ref.  [8],  a^  =  1.89  mm//usec  and  b  =  1.7, 
while  the  density  at  atmospheric  pressure  is 
Pq  =  1.081  g/ cm  [9].  From  Eq.  (1)  it  follows 
then  that  T-  =  38.4  X  103,  while  according  to 
Eq.  (15),  p  =0.412,  and,  assuming  that,  when 
the  records  were  obtained  from  which  it 
appeared  that  a  =  45°,  the  triple-points  traveled, 
on  the  average,  at  a  Mach  number  Mj  .=  3,  one 
gets  from  Eq.  (21)  c  =  0.491. 

On  the  basis  of  these  values,  the  shock 
polars  and  their  auxiliary  diagrams  were  com¬ 
puted  as  before,  and  the  results  are  given  in 
Plates  4,  5,  and  6.  Inserted  in  Plate  4  is  a 
rarefaction  polar  and  its  auxiliary  plots  for 
y  =  F  =  8.  The  corresponding  diagrams  for  the 
reflected  shock  are  presented  in  the  same  scale 
in  Plate  7.  The  latter  corresponds  to  T  =  8, 
b  =  1.7  (/3  =  0.412)  and  c  =  0.491. 

With  the  use  of  Plates  4-7,  shock  intersec¬ 
tion  processes  which  can  occur  in  the  medium 
under  study  can  be  now  evaluated.  Thus, 
similarly  as  before,  one  obtains  a  master 
diagram  on  the  plane  of  collision  invariants. 

Fig.  12,  and  the  6  =  0($)  plot.  Fig.  13,  which 


was  deduced  from  Fig.  12  (with  the  help  of 
Plates  4  and  5),  yielding  finally  the  trajectory 
angles  a  =  a (ty  and  their  change  due  to  colli¬ 
sions,  a  -  a\  Fig.  14. 


Fig.  12  -  Solutions  of  collision  processes  be¬ 
tween  triple-points  on  the  plane  of  collision  in¬ 
variants  for  an  84:16  nitromethane-acetone 
mixture  expressed  in  terms  of  r.  =  38.4  X  103, 
b  =  1.7  0  =  0.412)  and  c  =  0.491 


Fig.  13  -  Solutions  of  collision  processes  cor¬ 
responding  to  Fig.  12  expressed  in  terms  of 
shock  incidence  angles 


It  should  be  noted  in  this  connection  that,  as 
a  consequence  of  the  large  difference  in  the 
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Fig.  14  -  Solutions  of  collision  processes  cor¬ 
responding  to  Fig.  12  expressed  in  terms  of 
the  triple-point  trajectory  angles 


value  of  r  across  the  incident  shock,  all  the 
solutions  given  in  Figs.  12-14  correspond  to 
choked  '’arrowhead”  intersections,  the  pattern 
represented  by  case  (g)  in  Figs.  2  and  3.  (It 
is  for  this  reason  that  one  needs  the  rarefaction 
polars  included  in  Plate  4).  The  limit  lines 
shown  on  these  diagrams  denote  the  first  in¬ 
stant  when  the  regular  reflection  can  be  also 
obtained,  so  that  to  the  right  of  these  lines 
there  is  a  regime  of  ambiguity  in  that  two  types 
of  dynamically  compatible  solutions  are  pos¬ 
sible.  Since,  however,  the  regular  reflection, 
corresponding  in  this  case  to  solution  (c')  in 
Fig.  3,  has  at  first  a  pressure  behind  the  re¬ 
flected  shock  higher  than  that  behind  the 
"arrowhead"  intersection,  the  latter  intersec¬ 
tion  is  more  likely  to  occur.  This  is  due  to  the 
fact  that,  in  the  course  of  detonation,  shock 
waves  appear  as  fronts  of  decaying  blast  waves, 
and  these,  as  a  rule,  are  associated  with  rare¬ 
faction,  favoring  thus  the  establishment  of  a 
wave  pattern  that  corresponds  to  a  lower  pres¬ 
sure. 


As  it  appears  from  Fig.  14,  the  approximate 
rule  of  Eq.  (10)  is  not  as  good  now  as  it  was  in 
the  case  of  the  perfect  gas  of  Fig.  7.  However 
in  the  vicinity  of  $  =  0,  one  still  has  ot  =  a'. 
Since  the  experimentally  recorded  traces  are 
quite  fuzzy,  one  cannot  discern  a  1  to  2°  change 
in  the  direction  of  cx.  Let  us  take  for  example 
a  -  <*'  =  1°  at  =  3.  The  wave  configurations 
immediately  before  and  after  triple-point  col¬ 
lision,  evaluated  for  these  conditions  from 
Figs.  12-14,  are  shown  in  Fig.  15.  Denoted 
there  also  are  pressure  levels  in  the  various 


Fig.  15  -  Estimated  shock  intersection  pat¬ 
terns  in  a  detonating  nitromethane-acetone 
mixture 


flow  regimes.  As  it  appears  the  concentrated 
vortices  induced  by  the  slip-line  discontinuities 
are  in  regions  where  the  pressure  is  about  2 
kbar  higher  than  behind  the  incident  shock. 

Since,  as  it  was  pointed  out  in  the  introduction, 
this  is  followed  by  rarefaction  due  to  the  decay¬ 
ing  blast  wave  structure  of  the  flow  field,  the 
high  pressures  can  exist  only  in  the  immediate 
vicinity  of  the  triple-point.  One  has  thus  pres¬ 
sure  peaks  of  an  order  of  2  kbar  concentrated 
at  the  triple-point  trajectories  —  a  phenomenon 
certainly  of  sufficient  intensity  to  produce  the 
recorded  traces.  This  result  can  be  considered 
as  providing  as  good  a  proof  as  one  can  wish  at 
this  juncture  of  the  essential  correctness  of  our 
theory  in  its  applicability  to  a  condensed  explo¬ 
sive. 


CONCLUSION 

In  a  multiwave  structure  of  a  detonation  wave, 
shock  intersections  form  basic  elements.  Concom- 
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itant  to  this  is  the  fact  that  collisions  between 
intersection  points  play  a  dominant  role  in  the 
dynamic  aspects  of  the  self- sustenance  of 
detonations.  Presented  here  was  a  simple 
theory  of  wave  intersections  and  their  collisions 
that  applies  to  gaseous  media  as  well  as  to  con¬ 
densed  explosives,  covering  a  full  scope  of 
possible  wave  configurations.  It  appears  from 
this  that  the  prevalent  type  of  wave  pattern  in 
gaseous  media  is  a  Mach  intersection,  while  in 
the  condensed  explosives  it  is  the  ’'arrowhead" 
intersection. 

The  theoretical  results  are  in  good  agree¬ 
ment  with  experimental  observations,  suggest¬ 
ing  that  collisions  between  intersections  should 
be  recognized  as  valuable  diagnostic  means  for 
the  investigation  of  the  structure  and  self¬ 
sustenance  of  detonations  in  condensed  explo¬ 
sives,  as  much  as  these  means  have  been  al¬ 
ready  exploited  in  studies  on  gaseous 
detonations. 
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Plate  1  -  Shock  polars  for  the  case  of  a  perfect  gas  with  7  =  1.4 
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Plate  2  -  Auxiliary  Q  =  0(6)  plot  for  Plate  1 
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Plate  3  -  Auxiliary  IVL  =  IVL(P)  plot  for  Plate  1 
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Plate  4  -  Shock  polars  for  the  case  of  an  84:16  nitromethane- acetone  mixture  expressed  in  terms  of 
r\  =  38.4  X  103,  b  =  1.7  (6  =  0.412)  and  c  =  0.491;  insert:  rarefaction  polar  for  7  =  T  =  8 
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Plate  5  -  Auxiliary  0  =  0(6)  plot  for  Plate  4 
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Plate  6  -  Auxiliary  IVL  =  ML(P)  plot  for  Plate  4 
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Plate  7  -  Reflected  shock  polars  and  the  auxiliary  diagrams  for  the  case  of  an  84:16  nitromethane- 
acetone  mixture  expressed  in  terms  of  =  8,  b  =  1.7  (/3  =  0.412)  and  c  =  0,491 
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DARK  WAVES  IN  LIQUID  EXPLOSIVE  SYSTEMS: 


THEIR  ROLE  IN  DETONATION  FAILURE 


Richard  W.  Watson 

Safety  Research  Center,  Bureau  of  Mines, 

U.  S.  Department  of  the  Interior,  Pittsburgh,  Pennsylvania 


High-speed  framing  camera  observations  as  well  as  flash  radiographs 
were  obtained  on  a  number  of  widely  different  liquid  explosive  systems 
that  exhibit  dark  wave  structure.  The  effects  of  charge  diameter, 
confinement  material,  and  initial  explosive  temperature  have  been  ex¬ 
plored.  The  results  of  this  investigation  lead  to  the  conclusion  that 
the  dark  wave  phenomenon  may  be  common  to  all  liquid  explosive  sys¬ 
tems.  The  early  explanations  proffered  appear  to  be  correct  in  that 
the  dark  wave  phenomena  are  associated  with  non- reactive  regions  in  the 
explosive  near  the  periphery  of  the  charge.  This  paper* s  major  contri¬ 
bution  lies  in  the  correlation  between  the  apparent  physical  size  of 
the  area  of  the  explosive  charge  effected  by  the  dark  waves  and  the  min¬ 
imum  film  thickness  for  detonation  determined  in  independent  trials 
using  the  wedge  technique  developed  at  this  Center.  The  results  lead 
to  the  conclusion  that  they  are  responsible  for  detonation  failure  and 
that  while  simple  reaction  kinetics  may  be  used  as  a  first  basis  for 
theoretical  formulations  of  detonation  failure  models,  two-dimensional 
reactive  flow  computations  will  be  required  even  in  the  simplest  de¬ 
scription  of  this  problem. 


INTRODUCTION 

The  subject  of  detonation  failure  in  ho¬ 
mogeneous  explosives  is  one  of  continued  in¬ 
terest.  Early  experimental  work  by  Campbell 
(1)  and  his  associates  suggested  that  detona¬ 
tion  failure  was  linked  to  the  so-called  dark 
waves  observed  in  homogeneous  explosive  sys¬ 
tems.  The  subject  was  then  diligently  pursued 
by  Dremin  (2,3).  This  latter  work  greatly 
elucidated  the  role  of  gross  peripheral  dark 
waves  and  fine  wave  structure  at  the  detona¬ 
tion  front  in  the  propagation  and  failure  of 
detonation  in  liquid  explosive  systems.  Mal¬ 
lory's  (4)  recent  work  on  turbulent  effects  in 
detonating  liquids  failed  to  show  any  gross 
dark  waves  even  when  the  reaction  waves  were 
observed  under  failing  conditions.  However, 
his  observations  were  limited  to  the  central 
regions  of  the  detonation  wave  front  and  he 
took  this  as  slight  evidence  that  such  regions 
are  edge  effects.  Recent  experiments  at  the 
Lawrence  Radiation  Laboratory  (5)  have  pro¬ 
vided  dramatic  evidence  supporting  the  concept 
that  detonation  in  nitromethane  is  cellular  in 
nature  in  support  of  Shchelkin's  hypothesis 
concerning  the  similarity  between  liquid  and 
gaseous  detonations  (6). 


area  has  been  carried  out  using  nitromethane 
mixed  with  various  diluents.  In  our  work  at 
the  Safety  Research  Center  we  have  accumu¬ 
lated  data  relating  to  the  limiting  thickness 
for  low-  and  high-velocity  detonation  failures 
in  a  large  number  of  liquid  explosive  systems. 
The  results  are  obtained  using  a  ; c* hnique  in¬ 
volving  a  wedge-shaped  charge  and  a  velocity¬ 
monitoring  probe  (7).  The  data  obtained  in 
this  fashion  are  valuable  in  assaying  the  rel¬ 
ative  sensitivity  of  liquid  explosives  but  the 
technique  fails  to  provide  any  information  re¬ 
lating  to  the  mechanisms  of  detonation  failure 
for  either  the  high-  or  low-velocity  modes. 

The  purpose  of  this  paper  is  to  describe  the 
results  of  some  recent  observations  of  dark 
waves  employing  high-speed  framing  camera  pho¬ 
tography  and  flash  radiography.  The  experi¬ 
mental  results  supplement  the  observations  of 
the  previous  investigations.  They  indicate 
that  the  gross  dark  waves  are  a  feature  of  all 
liquid  explosive  systems  and  are  intimately 
linked  with  detonation  failure  limits  for 
high-velocity  detonation. 

EXPERIMENTAL  DETAILS  AND  RESULTS 

The  experiments  were  carried  out  with 
various  liquid  explosives  contained  in  20.3- 
inch  long  Plexiglas  or  aluminum  tubes.  The 
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Plexiglas  tubes  had  inside  diameters  of  2.2  cm, 
3.0  cm  and  5.1  cm  with  corresponding  wall 
thicknesses  of  0.16,  0.32,  and  0.32  cm.  The 
aluminum  tubes  had  an  inside  diameter  of  2.54 
cm  and  a  wall  thickness  of  .08  cm.  The  charges 
were  initiated  by  means  of  a  tetryl  booster 
separated  from  the  liquid  by  a  thin  polyeth¬ 
ylene  diaphragm  stretched  over  the  ends  of  the 
confinement  tube.  The  boosters  were  all  2.54 
cm  long;  a  2.54  cm  diameter  was  employed  with 
the  2.2  cm- diameter  Plexiglas  and  2. 54- cm  di¬ 
ameter  aluminum  tubes.  For  the  two  larger 
Plexiglas  tube  sizes  the  booster  diameter  was 
the  same  as  the  inside  diameter  of  the  tubes. 

The  framing  camera  observations  were  made 
at  a  fixed  inter  frame  time  of  1.0  (usee  and  an 
exposure  time  of  0.16  p.sec.  The  camera  view 
was  directed  along  the  axis  of  the  charge 
normal  to  the  oncoming  detonation  wave  front. 

A  pulsed  X-ray  system  with  a  pulse  dura¬ 
tion  of  30  nanoseconds  was  used  in  the  flash 
radiographic  studies.  The  exposures  were  made 
normal  to  the  charge  axis  providing  a  profile 
view  of  the  detonation  wave  front.  The  X-ray 
unit  was  operated  at  300  kv  with  a  discharge 
current  of  1400  amp.  Except  where  indicated, 
all  of  the  firings  were  conducted  at  ambient 
temperatures,  approximately  20°C. 

Selected  frames  of  detonating  nitro- 
me thane  in  the  three  Plexiglas  tube  sizes  are 
presented  in  Fig.  1.  The  views  correspond  to 
a  position  approximately  5.1  cm  from  the  down¬ 
stream  end  of  the  tube  or  15.2  cm  from  the 
booster- liquid  interface.  Dark  waves  ema¬ 
nating  from  the  periphery  of  the  charges  were 
observed  for  all  three  charge  diameters.  The 
size  of  the  dark  regions  appears  to  decrease 
with  increasing  charge  diameters.  The  struc¬ 
ture  observed  in  the  2.2-cm  diameter  charge  is 
particularly  interesting.  The  dark  wave  trav¬ 
ersing  the  center  of  the  charge  originated  at 
the  charge  periphery  near  the  center  of  the 
second  quadrant  and  took  approximately  3.0 
lisec  to  cross  the  body  of  the  charge.  After 
this,  the  detonation  continued  and  subsequent 
camera  views  were  similar  to  that  of  Fig. 

1(b).  Besides  the  dark  waves,  regions  in  the 
explosive  having  higher  luminosity  than  the 
detonation  wave  luminosity  near  the  center  of 
the  charge  were  frequently  observed.  They 
were  usually  spike- shaped  and  extended  from 
the  charge  periphery  some  distance  into  the 
body  of  the  explosive.  One  of  these  is  clear¬ 
ly  visible  on  the  left  side  of  Fig.  1(b)  and 
another  near  the  bottom  of  Fig.  1(c).  These 
were  invariably  observed  after  the  disappear¬ 
ance  of  two  neighboring  dark  regions  and  are 
probably  due  to  shock  wave  convergence. 

The  results  of  an  examination  of  some  of 
the  factors  influencing  the  gross  appearance 
of  the  dark  waves  are  presented  in  Fig.  2. 

The  firings  depicted  in  Fig.  2(a),  (b),  and 
(c)  were  carried  out  in  3. 8- cm  diameter  Plexi¬ 
glas  tubes  while  that  of  Fig.  2(d)  was  made  in 


a  2.5-cm  diameter  aluminum  tube.  Fig.  2(a) 
shows  the  results  obtained  with  neat  nitro- 
methane  diluted  with  5%,  by  weight,  acetone,  a 
desensitizing  additive.  The  dark  wave  struc¬ 
ture  appears  to  be  much  coarser  than  that  ob¬ 
served  for  neat  nitrome thane  under  the  same  ex¬ 
perimental  conditions  (Fig.  1(b)).  The  addi¬ 
tion  of  a  sensitizing  agent,  3%  by  weight 
te tranitrome thane ,  almost  totally  eliminates 
the  dark  wave  structure  shown  in  Fig.  2(b). 

A  nominal  increase  in  the  temperature  pro¬ 
duces  nearly  the  same  effect.  This  is  shown 
in  Fig.  2(c)  which  was  obtained  with  neat  ni¬ 
trome  thane  having  an  initial  temperature  of 
50°C  in  the  same  tube  geometry  as  Fig.  2(a). 

An  effect  of  confinement  tube  material  is 
shown  in  Fig.  2(d).  This  firing  was  conducted 
with  neat  nitromethane  contained  in  a  2.5-cm 
inside  diameter  aluminum  tube.  In  this  case, 
dark  waves  were  not  observed . 

Additional  insight  concerning  the  nature 
and  origin  of  the  dark  waves  was  obtained  from 
flash  radiographs  of  the  detonation  wave  in 
some  of  the  explosive-container  combinations. 
These  are  presented  in  Fig.  3.  Fig.  3(a) 
shows  the  detonation  wave  in  neat  nitromethane 
contained  in  a  3.8-cm  diameter  Plexiglas  con¬ 
tainer.  It  will  be  noted  that  the  wave  front 
has  a  pronounced  curvature,  especially  at  the 
charge  periphery.  The  results  of  Fig.  3(b) 
were  obtained  with  a  similar  charge  containing 
nitromethane  diluted  with  5%  acetone.  In  this 
case  the  wave  front  is  very  irregular.  The 
addition  of  3%  te tranitrome thane  appears  to 
reduce  the  detonation  wave  curvature  below 
that  observed  in  neat  nitromethane.  This  is 
shown  in  Fig.  3(c)  which  was  also  obtained 
with  a  3.8-cm  diameter  Plexiglas  tube.  Neat 
nitromethane  in  the  thin  wall  aluminum  con¬ 
tainer  (Fig.  3(d))  yielded  an  almost  plane 
detonation  wave  front. 

It  has  already  been  suggested  that  the 
gross  dark  waves  observed  in  liquid  explosives 
were  associated  with  detonation  failure;  this 
coupled  with  the  fact  that  the  preponderance 
of  experimental  data  was  obtained  with  nitro- 
methane-based  explosives  led  to  another  series 
of  trials  involving  explosives  other  than  ni¬ 
tromethane.  The  explosives  chosen  for  this 
purpose  consisted  of  a  mixture  of  50/50  ni¬ 
troglycerin-ethylene  glycol  dinitrate  diluted 
with  22-1/2%  acetone  by  weight  and  a  casting 
solvent  containing  80%  TMETN,  19%  TEGDN ,  and 
1%,  NDPA.  These  two  systems  were  chosen  be¬ 
cause  in  previous  experiments,  using  the  wedge 
technique,  they  had  exhibited  the  same  minimum 
film  thickness  for  the  propagation  of  high- 
velocity  detonation,  0.25  inch  +  0.02  inch 
(8).  Framing  camera  views  comparing  the  dark 
wave  structure  in  these  two  explosive  systems 
with  that  of  neat  nitromethane  are  presented 
in  Fig.  4.  Fig.  4(a)  shows  the  results  ob¬ 
tained  with  neat  nitromethane;  results  of 
trials  with  the  casting  solvent  and  diluted 
nitroglycerin- ethylene  glycol  dinitrate  are 
shown  in  Figs.  4(b)  and  4(c)  respectively. 
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Fig.  1  -  Framing  camera  views  showing  gross  dark  wave  structure  in 
detonating  nitromethane  in  Plexiglas  tubes  of  varying  di¬ 
ameter:  (a)  2.2  cm;  (b)  3.0  cm;  (c)  5.1  cm.  Detonation 
front  is  advancing  toward  the  observer. 


Fig.  2  -  Framing  camera  views  of  the  dark  wave  struc¬ 
ture  of  detonating  nitromethane.  (a)  Plexi¬ 
glas  tube:  nitromethane  +  5  wt  percent  ace¬ 
tone  at  20°C;  (b)  Plexiglas  tube:  nitro¬ 
methane  +  3  wt  percent  tetranitrome thane  at 
20°C;  (c)  Plexiglas  tube:  nitromethane  at 
50° C;  (d)  aluminum  tube:  nitromethane  at  20°C. 
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Fig.  3  -  Flash  radiographs  of  the  wave  front  curvature  of  detonating 
ni trome thane .  (a)  Plexiglas  tube:  neat  ni trome thane ;  (b) 
Plexiglas  tube:  ni trome thane  +  5  wt  percent  acetone;  (c) 
Plexiglas  tube:  nitromethane  +  3  wt  percent  tetranitro- 
me thane;  (d)  aluminum  tube:  neat  nitromethane. 


Fig.  4  -  Framing  camera  views  showing  similarity  of  dark  wave  structure  in  (a) 
nitromethane;  (b)  50/50  NG-EGDN  +  22-1/2  wt  percent  acetone;  (c)  80/ 
19/1  TMETN/TEGDN/NDPA  casting  solvent. 
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The  explosives  were  contained  in  Plexiglas 
tubes  having  a  3.8  cm  diameter.  As  will  be 
noted,  the  dark  wave  structures  in  the  three 
explosive  systems  are  quite  similar  in  terms 
of  the  distance  that  the  dark  waves  penetrate 
into  the  body  of  the  liquid.  In  Fig.  4(b) 
and  (c),  the  dark  waves  appear  to  coalesce  and 
form  a  dark  irregular  ring  between  the  illu¬ 
minated  container  top  and  the  oncoming  detona¬ 
tion  front. 

DISCUSSION 

The  qualitative  features  of  all  of  the 
foregoing  results  can  be  described  in  terms  of 
the  current  understanding  of  homogeneous  ex¬ 
plosive  systems.  Using  simple  adiabatic  ex¬ 
plosion  theory  and  assuming  first  order 
Arrhenius  reaction  kinetics,  we  note  a  strong 
dependence  of  the  induction  time  on  the  tem¬ 
perature  which  in  turn  is  a  function  of  the 
shock  pressure.  For  example,  the  recent  cal¬ 
culations  of  Enig  and  Petrone  yielded  a  value 
of  induction  of  2.31  jasec  for  nitromethane 
shocked  to  86  kilobars  and  a  corresponding 
temperature  of  1103°K  (9).  Similar  calcula¬ 
tions  for  a  shock  pressure  of  201  kilobars  and 
a  corresponding  shock  temperature  of  1662°K 
yielded  a  value  of  0.00320  nsec  for  the  induc¬ 
tion  time.  In  the  radiographic  experiments 
with  neat  nitromethane  in  Plexiglas  containers, 
the  detonation  wave  was  noticeably  curved  at 
the  charge  periphery.  It  might  be  expected 
that  the  shock  pressure  near  the  charge  pe¬ 
riphery  is  considerably  less  than  the  pressure 
at  the  charge  axis.  Simple  calculations  based 
on  oblique  shock  theory  and  rough  measurements 
of  the  angle  of  wave  incidence  with  the  con¬ 
tainer  wall  yield  a  shock  pressure  of  approxi¬ 
mately  100  kilobars  in  this  region.  At  this 
pressure,  the  corresponding  induction  time 
would  be  approximately  1.0  p.sec .  This  time 
would  allow  a  rarefaction  wave  to  penetrate 
approximately  0.5  cm  into  the  body  of  the 
fluid;  the  dark  waves  are  observed  to  penetrate 
to  approximately  the  same  depth  in  the  3.8-cm 
diameter  firings  with  neat  nitromethane.  In 
the  case  of  the  firing  conducted  in  the  alu¬ 
minum  containers,  a  shock  wave  is  propagated 
back  into  the  reacting  fluid  until  the  pressure 
is  released  at  the  external  tube  boundary.  In 
this  case  the  wave  would  be  essentially  planar 
and  there  would  be  no  increase  in  induction 
time.  The  flash  radiograph  of  Fig.  3(d)  indi¬ 
cates  that  the  wave  front  is  nearly  plane  and 
there  is  a  complete  absence  of  dark  wave 
structure  in  the  end- on  view  of  Fig.  2(d). 

The  effects  of  desensitizing  and  sensi¬ 
tizing  additives  as  well  as  the  effects  of 
elevated  temperature  can  be  anticipated  in  the 
same  way-- increasing  or  decreasing  the  induc¬ 
tion  time.  The  effects  produced  by  the  addi¬ 
tion  of  3  wt  percent  TNM  and  by  temperature 
elevation  of  only  +30°C  are  consistent  with 
this  explanation. 

Since  the  recent  experiments  at  the 


Lawrence  Radiation  Laboratory  (5)  showed  a 
relatively  high  degree  of  uniformity  in  the 
cellular  structure  of  the  detonation  waves  in 
ace tone- nitromethane  mixtures,  an  attempt  was 
made  to  determine  if  there  was  any  periodicity 
in  the  motion  of  the  dark  waves  observed  in 
our  experiments.  For  this  purpose  a  number  of 
the  25- frame  sequences  showing  well-defined 
dark  wave  structure  were  "animated"  using  a 
repeat- frame  technique.  While  the  motion 
picture  strips  obtained  in  this  way  did  give 
some  impression  of  detonation  "spin",  the 
overall  changes  in  the  dark  wave  pattern 
within  the  time  resolution  of  the  experiment 
set  by  the  1.0  [isec  inter  frame  time  were  too 
great  to  completely  resolve  this  point.  In 
addition,  it  might  be  pointed  out  that  the 
framing  camera  technique  employed  here  was  not 
adequate  for  resolving  any  fine  detail  in  the 
structure  of  the  detonation  front  such  as 
those  observed  by  Mallory  using  the  impedance 
mirror  method. 

In  conclusion,  our  framing  camera  and 
flash  radiographic  observations  agree  with  the 
results  of  other  investigators.  They  add 
further  weight  to  the  contention  that  the  pe¬ 
ripheral  dark  waves  correspond  to  unreacted 
regimes  in  the  explosive  are  associated  with 
lateral  rarefactions  and  are  common  to  all 
homogeneous  explosive  systems.  In  addition, 
these  qualitative  features  appear  to  corre¬ 
late  with  the  failure  thickness  for  detona¬ 
tion  determined  in  independent  experiments 
(7,8).  Namely,  liquids  having  the  same  fail¬ 
ure  thickness  exhibit  similar  dark  wave  struc¬ 
ture  when  detonated  under  the  same  conditions. 
This  leads  to  the  conclusion  that  any  theory 
accounting  for  detonation  failure  in  liquid 
explosives  must  take  into  account  the  complex 
flow  configuration  introduced  by  the  dark 
waves  as  well  as  the  kinetic  parameters  de¬ 
scribing  the  explosive  system. 
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The  failure  of  a  nitromethane  detonation  resulting  from  a  side  rarefaction 
cooling  the  explosive  inside  its  reaction  zone  has  been  calculated  using  an 
Eulerian,  reactive,  numerical,  hydrodynamic  code.  The  velocity  of  the 
rarefaction  agrees  with  the  experimental  measurements  of  Davis.  The  for¬ 
mation  of  hot  spots  from  the  interaction  of  a  shock  in  nitromethane  with  a 
cylindrical  void,  and  the  failure  of  the  hot  spot  to  initiate  propagating  detona¬ 
tion  as  a  result  of  the  rarefactions  interacting  with  the  reaction  zone  have 
been  computed.  The  interaction  of  the  hot  spots  formed  from  several  voids 
has  been  computed.  The  basic  two-dimensional  processes  involved  in  the 
shock  initiation  of  heterogeneous  explosives  have  been  numerically  described. 


INTRODUCTION 

To  increase  our  understanding  of  the  basic 
processes  involved  in  the  shock  initiation  of  in¬ 
homogeneous  explosives,  we  have  studied  theo¬ 
retically  the  formation  of  hot  spots  from  shocks 
interacting  with  discontinuities  of  various  densi¬ 
ties.  In  reference  (1)  we  described  the  hot  spots 
formed  when  a  shock  in  nitromethane  interacts 
with  a  spherical,  cylindrical,  or  conical  void 
and  with  cylinders  and  spheres  of  aluminum. 

The  PIC  (particle-in-cell)  method  was  used  for 
numerically  solving  the  hydrodynamics.  It  was 
concluded  that  the  PIC  type  of  numerical  hydro¬ 
dynamics  could  be  used  to  compute  the  inter¬ 
action  of  a  shock  with  a  density  discontinuity, 
the  formation  of  a  hot  spot,  and  buildup  to  prop¬ 
agating  detonation.  The  failure  of  the  resulting 
hot  spot  to  initiate  propagating  detonation  could 
be  described  in  those  cases  in  which  the  failure 
mechanism  did  not  depend  on  the  details  of  the 
structure  of  the  reaction  zone. 

It  was  necessary  to  study  the  time -dependent 
reaction  zone  of  homogeneous  explosives  before 
one  could  calculate  cases  that  required  resolved 
reaction  zones.  The  stability  of  the  reaction 
zone  was  studied  in  both  one-  and  two-dimen¬ 
sional  geometry.  As  described  in  reference  (2), 
it  was  found  that  the  amount  of  overdrive  neces¬ 
sary  to  stabilize  the  nitromethane  and  liquid  TNT 


detonation  decreases  with  decreasing  activation 
energy  and  that  nitromethane  with  an  activation 
energy  of  40  kcal/mole  is  stable  to  all  perturba¬ 
tions  at  C-J  velocity.  Also  described  in  refer¬ 
ence  (2)  was  the  failure  of  a  propagating  detona¬ 
tion  as  a  result  of  rarefactions  from  the  rear 
cooling  the  explosive  in  the  reaction  zone.  One 
of  the  major  problems  that  had  to  be  solved  for 
further  understanding  of  the  basic  processes  in¬ 
volved  in  the  shock  initiation  of  explosives  or  in 
the  failure  diameter  of  explosives  was  that  of 
failure  of  propagating  detonation  because  of  side 
rarefactions  cooling  the  explosive  inside  the  re¬ 
action  zone.  The  Eulerian  approach  to  solving 
the  reactive  hydrodynamic  equations  is  suitable 
for  such  problems  provided  that  only  one  compo¬ 
nent  is  present.  Therefore,  the  Eulerian  code 
called  2DE,  described  in  reference  (3),  was 
written  to  solve  these  problems. 

FAILURE  OF  A  NITROMETHANE  DETONATION 
WAVE 

Davis  (4)  has  studied  the  failure  of  a  supported 
nitromethane  detonation  wave  traveling  up  a  cop¬ 
per  tube  and  then  into  a  large  container  of  nitro¬ 
methane  as  shown  below.  He  observed  rarefac¬ 
tion  or  "failure"  waves  that  ran  across  the  front 
at  about  0.  37  cm/^sec  and  that  extinguished  the 
detonation  if  the  tube  was  a  cm  or  less  wide. 
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If  the  tube  was  larger,  the  detonation  was  not 
extinguished.  A  narrow  failure  or  dark  wave 
ran  into  the  front,  getting  narrower  as  it  pro¬ 
gressed.  This  wave  extinguished  detonation  at 
its  front,  but  reignition  occurred  at  the  rear 
and  caught  up  with  the  wave.  Under  these  cir¬ 
cumstances  the  explosive  in  the  box  would  deto¬ 
nate.  These  experiments  demonstrate  the  basic 
processes  involved  in  the  problems  of  the  fail¬ 
ure  of  detonation,  of  the  failure  diameter  of  ex¬ 
plosives,  and  of  the  "sputtering"  initiation  ob¬ 
served  for  density  discontinuities  near  the  crit¬ 
ical  size. 

The  light  observed  by  Davis  is  thermal  radi¬ 
ation  from  the  hot  explosive.  Only  near  the  end 
of  the  reaction  zone  is  material  hot  enough  to 
produce  enough  light  for  a  high  speed  camera  to 
record.  Some  of  the  light  emitted  is  absorbed 
in  the  partially  reacted  explosive  ahead  of  it, 
and  if  the  reaction  zone  is  thick  enough,  no  light 
is  recorded.  The  apparent  discontinuity  in  light 
intensity  which  Davis  recorded  corresponds  to  a 
sharp  change  in  the  distance  from  the  shock 
front  to  the  region  hot  enough  to  produce  record¬ 
able  light.  Rather  than  present  the  complete 
analysis  of  emission  and  absorption  here,  we 
assume  for  illustration  that  no  light  is  recorded 
when  the  distance  from  the  shock  front  to  the 
3000  K  isotherm  becomes  twice  what  it  is  for 
the  high-order  detonation.  Fortunately,  the 
change  is  so  sudden  and  so  large  that  the  value 
obtained  for  the  apparent  velocity  does  not  de¬ 


pend  much  upon  the  criterion  chosen. 

Fig.  1  shows  the  calculated  isobars  and  iso¬ 
therms  of  the  failure  of  a  nitromethane  reaction 
zone  resulting  from  side  rarefactions,  for  an 
activation  energy  of  53.  6  kcal/mole.  Similar 
results  were  obtained  for  an  activation  energy 
of  40  kcal/mole.  The  reaction  zone  profiles  for 
both  activation  energies  vary  only  a  few  kilobars 
from  the  steady -state  values  during  the  time  of 
interest  in  these  calculations (2). 

The  experimental  arrangement  is  approximated 
numerically  by  a  steady -state  reaction  zone  flow¬ 
ing  through  150  of  the  300  cells  near  the  lower 
boundary  to  approximate  the  top  of  the  metal  tube. 
The  cell  is  a  square  of  40-A.  For  a  y  of  0.68, 
an  activation  energy  of  53^6  kcal/mole,  and  a 
frequency  factor  of  4  x  10  ,  the  reaction  zone  of  a 
C-J  detonation  of  nitromethane  occupies  2400  A, 
or  60  of  the  300  cells,  along  the  half- slab  left 
boundary.  The  von  Neumann  spike  pressure  is 
212  kbar,  and  the  C-J  pressure  is  130  kbar.  The 
use  of  a  300  x  300  mesh  for  a  total  of  90,  000 
cells  is  near  the  maximum  resolution  possible 
if  one  wishes  to  expend  a  reasonable  amount 
(^24  hours  for  IBM  7030)  of  computer  time. 

Using  the  3000°  isotherms  throughout  the  re¬ 
action  zone,  one  obtains  a  rarefaction  velocity 
of  0.  4  ±  0.  05  cm/|±sec  which  is  in  good  agree¬ 
ment  with  that  found  experimentally  by  Davis. 

The  failure  of  a  slab  of  nitromethane  with  a 
void  on  the  outside  is  shown  in  Fig.  2  with  300  x 
300  cells.  The  radius  of  curvature  is  greater, 
and  the  rarefaction  is  stronger,  for  the  nitro¬ 
methane  confined  by  a  void  than  for  nitromethane 
confined  by  nitromethane. 

Similar  studies  were  performed  in  cylindrical 
geometry  and  are  described  in  reference  (4). 

Having  demonstrated  the  failure  of  a  detona¬ 
tion  wave  because  of  rarefactions  from  the  side 
cooling  the  explosive  inside  the  reaction  zone, 
we  now  proceed  to  study  the  formation  of  hot 
spots  and  the  initiation  of  an  explosion  which 
does  not  result  in  a  propagating  detonation. 

THE  INTERACTION  OF  A  SHOCK  WITH  A 
CYLINDRICAL  VOID 

In  reference  (5)  we  described  the  interaction 
of  an  8 5 -kbar  shock  in  nitromethane  with  a  0.  032- 
cm-radius,  0.  032-cm-high,  cylindrical  void, 
using  the  PIC  code.  The  same  system  was  com¬ 
puted  using  the  Euler ian  code  and  the  results 
are  shown  in  reference  (4).  The  agreement  be¬ 
tween  the  two  problems  is  sufficient  to  allow  a 
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semiquantitative  study  of  the  formation  of  hot 
spots,  the  resulting  explosion,  and  failure  to 
propagate. 

Figure  3  shows  the  formation  of  a  hot  spot 
in  nitromethane  frong  an  85-kbar  shock  inter¬ 
acting  with  a  2  x  10  -cm-radius  cylindrical 
void  with  chemical  reaction  permitted.  The  hot 
spot  explodes  but  fails  to  establish  propagating 
detonation. 

-4 

A  3.2  x  10  -cm-radius  hole  is  the  largest 
that  will  result  in  a  resolved  reaction  zone  and, 
hence,  permit  failure  of  an  explosion  to  occur 
in  a  100  x  100  mesh  of  which  the  hole  is  20  x  20. 
This  is  two  orders  of  magnitude  smaller  than 
the  experimentally  observed  critical  size.  To 
obtain  suitable  resolution  one  would  require  a 
mesh  of  10,  000  x  10,  000,  or  100  million,  cells. 
This  is  not  a  practical  problem  to  solve  with 
present  computers. 

We  have  demonstrated  how  a  hot  spot  can  ex¬ 
plode  but  then  fail  to  propagate  because  of  rare¬ 
factions  cooling  the  reactive  detonation  wave. 

THE  INTERACTION  OF  A  SHOCK  WITH  FOUR 
RECTANGULAR  HOLES 

The  interaction  of  a  shock  with  four  rectangu¬ 
lar  voids^  the  bottom  two  with  a  half-width  of 
3.  2  x  10  ^  cm  and  the  top  two  with  a  width  of 
3.  2  x  10  cm,  is  shown  in  Fig.  4  for  nonre- 
active  nitromethane.  The  same  problem  with 
chemical  reaction  included  is  shown  in  Fig.  5. 

While  propagating  detonation  does  not  occur 
when  the  shock  interacts  with  the  first  two  holes, 
the  enhancement  of  the  shock  wave  by  chemical 
reaction  does  produce  a  hotter  hot  spot  upon 
interaction  with  the  upper  two  voids.  The  hot 
spot  is  so  hot  that  complete  nitromethane  de¬ 
composition  occurs  at  the  shock  front.  While 
a  propagating  detonation  would  not  be  expected 
to  occur  experimentally  in  this  geometry  of 
four  holes  (the  computed  detonation  is  the  result 
of  insufficient  numerical  resolution  to  resolve 
the  reaction),  the  enhancement  of  the  shock  wave 
would  be  expected  to  occur  experimentally. 

These  calculations  show  the  basic  features  of 
the  shock  initiation  of  heterogeneous  explosives. 

A  shock  interacts  with  the  density  inhomogene¬ 
ities,  producing  numerous  local  hot  spots  which 
explode  but  do  not  propagate,  thereby  liberating 
energy  which  strengthens  the  shock  so  that,  when 
it  interacts  with  additional  inhomogeneities,  hot¬ 
ter  hot  spots  are  formed  and  more  of  the  explo¬ 
sive  is  decomposed.  The  shock  wave  grows 
stronger  and  stronger,  releasing  more  and  more 
energy,  until  it  becomes  strong  enough  to  pro¬ 


duce  propagating  detonation.  Additional  slow 
decomposition  continues  to  occur  behind  the 
shock  front  which  may  be  the  source  of  the  en¬ 
ergy  observed  to  be  released  from  shocked- 
but- not -detonated  explosive  by  Craig  and  Mar¬ 
shall  (6). 

CONCLUSIONS 

The  failure  of  a  nitromethane  detonation  re¬ 
sulting  from  side  rarefactions  cooling  the  ex¬ 
plosive  inside  its  reaction  zone  has  been  calcu¬ 
lated.  The  velocity  of  the  rarefaction  agrees 
with  the  experimental  measurements  of  Davis. 
The  formation  of  hot  spots  from  the  interaction 
of  a  shock  in  nitromethane  with  a  cylindrical 
hole,  and  the  failure  of  the  hot  spot  to  initiate 
propagating  detonation  as  a  result  of  the  rare¬ 
factions  interacting  with  the  reaction  zone  have 
been  computed.  The  interaction  of  the  hot  spots 
formed  from  several  holes  has  been  computed. 

The  basic  two-dimensional  processes  in¬ 
volved  in  the  shock  initiation  of  heterogeneous 
explosives  have  now  been  numerically  described. 
The  problem  that  remains  is  the  study  of  the  in¬ 
teraction  of  a  shock  with  a  matrix  of  holes  in 
three-dimensional  geometry.  The  basic  two- 
dimensional  processes  involved  in  the  failure 
of  detonation,  the  failure  diameter  of  explosives, 
and  the  "sputtering"  initiation  observed  for  den¬ 
sity  discontinuities  near  the  critical  size  have 
been  described.  The  three-dimensional  study 
of  the  interaction  of  numerous  failures  and  re¬ 
ignited  detonations  which  is  necessary  for  a 
complete  numerical  description  of  these  prob¬ 
lems  must  await  new  computing  hardware. 
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Fig.  1.  The  computed  isobars  and  isotherms  for  a  supported  slab  nitromethane  C-J  detonation  wave 
passing  into  a  box  of  nitromethane.  The  interval  between  isobars  is  10  kbar.  The  interval  between 
isotherms  is  100  Kelvin.  The  dashed  line  is  the  location  of  the  end  of  the  reaction  zone.  300  x  300 
40-A-square  cells  were  used. 
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Fig.  2.  The  computed  isobars  and  isotherms  for  a  supported  slab  nitromethane  C-J  detonation  wave 
passing  into  a  slab  of  nitromethane  with  a  void  on  the  right  side  of  the  slab.  The  dashed  line  is  the 
location  of  the  end  of  the  reaction  zone.  300  x  300  40-A-square  cells  were  used. 
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Fig.  3.  The  computed  isobars,  isotherms,  and  isows  of  ai^85-kbar  shock  interacting  with  a  2  x  10 
-cm-high,  cylindrical  void  in  a  1  x  10"  -cm-radius,  1  x  10”  -cm-high  cylinder  of  nitromethane.  Chem¬ 
ical  reaction  is  permitted.  The  interval  between  isobars  is  10  kbar,  that  between  isotherms  is  500 
Kelvin,  and  that  between  isows  is  0. 1  where  w  is  mass  fraction  of  undecomposed  explosive.  The  orig¬ 
inal  position  of  the  void  is  shown. 


121 


Mader 


-3 

Fig.  4.  The  interaction  of  an  85-kbar  shock  in  a  1.  6  x  10  -cm 
half-width,  1.  6  x  10  -cm-high  slab  of  nitromethane  with  four 
rectangular  holes.  Chemical  reaction  is  not  permitted.  The 
interval  between  isopycnics  is  0.1  cm/cc,  that  between  isobars 
is  10  kbar,  and  that  between  isotherms  is  500  Kelvin.  The  iso¬ 
pycnics  show  the  hole  geometry. 
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Fig.  5.  The  interaction  of  an  85-kbar  shock  in  a  slab  of  nitromethane  with  four  rectangular  holes  of 
the  same  dimensions  as  those  in  Fig.  4.  Chemical  reaction  is  permitted.  The  interval  between  iso¬ 
bars  is  10  kbar,  that  between  isotherms  is  500  Kelvin,  and  that  between  isows  is  0.  1  where  w  is  the 
mass  fraction  of  undecomposed  explosive. 
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THE  ROLE  OF  THE  MATRIX  IN  DETERMINING  THE  SHOCK  INITIATION  CHARACTERISTICS 
OF  COMPOSITIONS  CONTAINING  60%  BY  VOLUME  OF  HMX 


W.  W.  Marshall 

Atomic  Weapons  Research  Establishment 
Aldermaston,  Berkshire,  England. 


Card  gap  tests  have  been  carried  out  at  ambient  temperature  and  at 
approximately  95  C  on  a  number  of  compositions  containing  60%  by 
volume  of  HMX.  The  results  show  that  the  shock  sensitivities 
increase  markedly  with  temperature.  At  any  one  temperature  the 
shock  sensitivity  depends  almost  entirely  on  the  density  or  shock 
impedance  of  the  matrix,  and  is  probably  independent  of  its 
specific  heat,  thermal  conductivity,  or  heat  of  explosion. 

The  presence  of  voids  produced  by  the  solidification  of  a  matrix 
such  as  TNT  may  have  a  slight  sensitizing  effect.  Using  zinc 
chloride  solution  of  various  densities  as  a  matrix,  it  has  been 
found  that  the  shock  sensitivity  rises  to  a  maximum  at  a  density 
of  about  1.55  g.cm""^  and  then  falls.  No  explanation  has  been 
found  for  this  unexpected  result. 


INTRODUCTION 

Although  cast  TNT  is  very  insensitive  to 
initiation  by  shock  HMX/TNT  is  considerably  more 
shock  sensitive  than  the  corresponding  HMX/water 
or  HMX/wax.  The  work  described  in  this  note  was 
undertaken  to  compare  the  shock  sensitivities  of 
a  number  of  compositions  each  containing  60#  by 
volume  of  a  coarse  granular  HMX,  and  to  determine 
which  matrix  properties  were  major  factors  in 
determining  the  shock  sensitivity  of  the 
composition. 


EXPERIMENTAL 

Thin  walled  brass  cylinders  3j  inches  long, 

£  inch  I  D  sealed  at  one  end  with  0.006  inch 
brass  shims  were  preheated  to  100  C.  A  slurry 
of  coarse  granular  HMX  (particle  size  range  100- 
1,000  micron,  mean  400  micron,  tap  density  60  5 
of  theoretical)  and  the  matrix  material  was 
heated  to  100  C,  whilst  granular  HMX  was  heated 
separately.  The  cylinders  were  filled  with  the 
slurry  and  hot  dry  HMX  was  added  until  the  tube 
was  filled  with  sedimented  HEX.  The  tubes  were 
allowed  to  cool,  excess  material  was  removed  from 
the  tops  and  they  were  then  closed  with  mild 
steel  witness  plates.  This  method  gave  a 
constant  HMX/matrix  volume  ratio  of  60/40  which 
was  confirmed  by  analysis  throughout  the  programme. 
The  shock  sensitivities  of  the  charges  were 
determined  for  each  series  by  a  card  gap  test  in 
which  the  donor  was  a  one  inch  long  by  half  inch 


square  pellet  of  a  pressed  composition  contain¬ 
ing  95#  HMX  by  weight.  The  Sards'  were  shim 
brass.  The  shock  sensitivity  was  determined  by 
a  Bruceton  procedure  in  which  about  twelve 
rounds  were  fired  for  each  composition.  The 
standard  deviation  of  shock  sensitivity  in  a 
batch  was  about  50#  greater  than  is  achieved 
with  pieces  machined  from  pressed  charges,  and 
this  was  regarded  as  acceptable.  Some  rounds 
were  fired  at  a  temperature  of  approximately 
95°C.  These  were  assembled,  each  placed  in  an 
expanded  polystyrene  flask  in  an  oven  for  one 
hour,  and  were  fired  in  the  flasks  as  soon  as 
possible  after  removing  them  from  the  oven. 
Separate  experiments  showed  that  this  method 
ensured  that  the  temperature  of  the  round  was 
92  -3  C  for  the  time  required  to  complete  the 
firing. 

Initially,  the  shock  sensitivity  of  HMX/TNT 
was  compared  with  that  of  HMX/water,  and  HMX/ 
paraffin  oil.  A  number  of  materials  with  melt¬ 
ing  points  similar  to  TNT  but  with  a  range  of 
heats  of  explosion  was  then  selected  to  replace 
the  TNT.  A  TNT/sodium  chloride  composition  in 
which  the  sodium  chloride  had  approximately  the 
same  bulk  properties  as  the  HMX  was  prepared  and 
tested  at  20  C.  Finally,  a  series  of  HMX/zinc 
chloride  solution  compositions  was  prepared  in 
which  the  density  of  the  zinc  chloride  solution 
was  varied  from  1.1  g.cm  3  to  I.S5  g.cm  5.  ^ 

Three  of  these  compositions  were  fired  at  95  C  as 
well  as  at  ambient  temperature. 
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RESULTS  AND  DISCUSSION 

The  results  are  given  in  full  in  Table  1. 

The  sodium  chloride/TNT  results  shows  that  TNT 
is  not  sensitized  by  being  dispersed  around  an 
inert  crystalline  material,  and  hence  it  is 
unlikely  that  in  HMX/TNT,  enhanced  sensitivity 
is  due  to  the  dispersion  of  the  TNT  about  the 
HMX. 

It  would  be  expected  that  in  a  simple 
explosive  system  the  shock  sensitivity  would 
increase  with  increasing  temperature,  and  this 
has  been  shown  for  nitromethane  by  Campbell  et 
al  (1).  In  the  present  series  of  experiments 
where  there  were  no  matrix  phase  changes  between 
20  C  and  95  C,  the  shock  sensitivities  did 
indeed  increase  with  temperature.  With  these 
compositions  the  density  falls  with  rising 
temperature  and  as  will  be  discussed  later,  this 
would  be  expected  to  reduce  the  rise  in  shock 
sensitivity  due  to  temperature.  Where  there  is 
a  phase  change  in  the  matrix  the  accompanying 
large  change  in  density  may  mask  the  effect  of 
temperature. 

Matrix  properties  which  may  affect  the  shock 
sensitivity  of  the  charge  include: 

( 1 )  thermal  properties 

(2)  presence  of  discontinuities 

(3)  heat  of  explosion 

(4)  shock  impedance 


(1)  Thermal  Properties 

The  most  useful  pair  of  results  for 
comparison  is  naphthalene/HMX  and  water/HMX  at 
95  C  where  both  matrices  have  approximately  the 
same  density,  zero  heat  of  explosion,  and  are 
liquid  so  that  the  effect  of  intergranular 
discontinuity  is  nil.  HMX  is  slightly  soluble 
in  naphthalene,  but  this  is  probably  of  little 
consequence.  The  shock  sensitivities  are  117 
(water)  and  112  (naphthalene)  which  are  not 
significantly  different  at  the  99/  level.  As 
the  specific  heat  of  water  is  about  three  times 
greater  than  that  of  naphthalene,  and  the  thermal 
conductivity  about  four  times  greater,  the  effect 
of  these  properties  is  .judged  to  be  small  if  not 
negligible.  This  is  probably  because  the  time 
constants  of  heat  transfer  processes  between  HMX 
and  matrix  are  long  compared  with  explosive 
reaction  times. 

(2)  The  Occurence  of  Discontinuities 

There  is  a  decrease  in  shock  sensitivity  on 
cooling  HMX/water,  IIMX/zinc  chloride  solution, 
and  HMX/paraffin  compositions,  from  95  C  to  20  C, 
yet  an  increase  in  shock  sensitivity  for  those 
systems  where  the  matrix  solidifies  between  these 
two  temperatures.  The  solidification  process  is 
normally  accompanied  by  an  increase  in  density  and 
this  may  well  account  for  an  increase  in 


sensitivity  large  enough  to  more  than  counter¬ 
balance  the  decrease  due  to  decreasing 
temperature.  Fig.  1 2 »  which  is  a  graph  of  shock 
sensitivity  at  20  C  v  density  includes  the  points 
for  MNT,  DNT,  TNT  and  naphthalene,  and  does  not 
show  that  these  compositions  are  all  more 
sensitive  than  the  zinc  chloride  solutions  of 
the  same  density.  The  results  for  HMX/ice  and 
HMX/water  at  about  0  C  where  there  is  an  expan¬ 
sion  on  solidification  are  consistent  with  the 
density  charge.  It  seems  unlikely,  therefore 
that  the  occurence  of  discontinuities  is  a  major 
factor  in  determining  the  shock  sensitivity. 

(3)  Heat  of  Explosion 

The  shock  sensitivities  of  HMX/naphthalene, 
/MNT,  /DNT  and  /TNT  increase  with  increasing 
heat  of  explosion  of  the  matrix  material. 

However,  the  densities  also  increase  in  the  same 
order.  Fig.  1  shows  that  the  sensitivities  of 
HMX/MNT/DNT  and  /TNT  are  not  greatly  different 
from  the  sensitivities  of  HMX/zinc  chloride 
solution  of  the  same  densities.  Heat  of 
explosion  of  the  matrix  material  would  therefore 
appear  to  be  relatively  unimportant  in  determin¬ 
ing  the  shock  sensitivity  of  these  compositions. 

(4)  Shock  Impedance 

In  the  absence  of  data  on  the  shock  velocity 
in  the  matrix  materials,  density  has  been  taken 
as  a  measure  of  shock  impedance.  Shock 
sensitivity  is  plotted  against  density  in  Fig.  1 
which  includes  all  the  experimental  results  at 
20  C.  This  shows,  firstly  that  the  shock 
sensitivity  of  a  composition  depends  to  a  great 
extent  on  the  density  of  the  matrix,  and  secondly, 
that  the  sensitivity  rises  to  a  maximum  at  a 
density  of  about  1.55  g.cm*"^.  This  peculiar 
result  is  unexplained.  The  optimum  transfer  of 
energy  between  zinc  chloride  solution  and  HMX  will 
occur  when  the  respective  pressure  -  particle 
velocity  Hugoniots  coincide  at  the  pressure  of 
the  incident  shock.  This  does  not  occur  for  the 
range  of  densities  used,  but  the  greater  the 
density,  the  more  nearly  does  the  zinc  chloride 
Hugoniot  approach  the  HMX  Hugoniot.  Temperature, 
time-at-temperature  and  compression  calculations 
for  simple  models  of  the  experimental  set-up  have 
all  failed  to  show  anything  other  than  a  monotonic 
relationship  between  density  and  the  property 
being  calculated.  A  computer  programme  was  set 
up  to  calculate  the  compressions  in  layers  of 
zinc  chloride  solution  4 00  microns  thick  alternat¬ 
ing  with  layers  of  HMX  600  microns  thick.  Results 
from  this  programme  and  several  variations  on  it 
again  showed  that  the  more  dense  the  zinc  chloride 
solution  the  greater  should  be  the  effect  on  the 
HMX. 

It  seems  that  the  models  chosen  to  represent 
the  compositions  in  the  mathematical  treatments 
are  too  simple  to  explain  what  must  be  :  quite 
complex  situation. 

The  experiments  and  the  conclusions  drawn 
from  them  are  based  on  compositions  containing 
60/  by  volume  of  a  coarse  granular  HMX,  and  may 
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TABLE  1 

The  Shock  Sensitivities  of  HMX  Based  Compositions 


Matrix  Material 

Density 
at  20°C 

g.cm-^ 

Shock  Sensitivity 
at  20°C 

mil.  of  brass 

Density 
at  95  C 

g.cm”^ 

Shock  Sensitivity 
at  95°C 

Water 

0.99 

86,  95 

0.96 

117 

Paraffin  oil 

0.85 

75 

0.80 

102 

Naphthalene 

1.15 

130 

0.93 

112 

4  MNT 

1.29 

151 

1.13 

126 

2:4  DNT 

1.52 

177 

1.33 

168 

2  :  4  :  6  TNT 

1 .65 

221 

1.45 

215 

Zinc  chloride  solution 

1.10 

110,  117 

210 

1.25 

133 

1.40 

182,  172 

1.55 

195 

292 

1.65 

180 

1.70 

183 

1.75 

170 

1.80 

170 

1.85 

170 

188 

NaC 1/TNT 

0 

Water  at  +3°C 

1.0 

90 

Ice  at  -3°C 

O.89 

84 
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FIG  I  SHOCK  SENSITIVITY  v  DENSITY 
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SHOCK  SENSITIVITY,  A  PROPERTY  OF  MANY  ASPECTS 


Donna  Price 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


Shock  sensitivity  of  an  explosive  includes  its  threshold  for 
propagation  of  steady  state  detonation  at  the  critical  di¬ 
ameter  (dc)  as  well  as  its  numerous  thresholds  for  initiation 
of  detonation  under  different  transient  conditions.  Data  for 
TNT  charges  of  differing  degrees  of  homogeneity  are  used  to 
show  a  continuous  variation  of  dc  with  the  initiating  pressure 
(P±)  measured  with  the  NOL  large  scale  gap  test.  An  example 
of  a  critical  curve  is  constructed  in  the  pressure-time  plane; 
it  runs  from  the  threshold  conditions  at  dc  through  those  at 
Pi.  It  is  suggested  that  all  other  initiating  pressures 
measured  for  the  same  charge  would  also  fall  on  this  curve 
which  illustrates  the  relationship  between  the  different 
threshold  values. 


The  "shock  sensitivity"  of  an  explo¬ 
sive  cannot  be  described  by  a  single 
valued  parameter.  Shock  sensitivity 
encompasses  all  of  the  complex  reactions 
of  the  explosive  to  many  different  shock 
conditions.  Such  reactions  are  manifested 
by  the  phenomenon  of  failure  diameter  for 
propagation  of  detonation  as  well  as  by 
the  critical  initiation  pressures  for 
shock  to  detonation  transition  observed 
in  the  numerous  gap,  booster,  projectile, 
and  wedge  experiments.  A  complete  de¬ 
ception  of  an  explosive's  sensitivity 
to  shock  should  encompass  therefore  not 
only  the  thresholds  for  initiation  under 
transient  conditions  but  also  the  thres¬ 
hold  for  propagation  under  steady  state 
conditions.  Moreover,  it  should  account 
for  the  large  effect  of  the  physical 
state  of  the  explosive  on  both  thresholds. 

The  relationships  between  these  many 
aspects  of  shock  sensitivity  are  complex 
and  cannot  be  simply  stated.  This 
situation  has  led  to  a  general  confusion 
about  the  meaning  of  different  measure¬ 
ments.  It  is  the  purpose  of  this  paper 
to  clarify  the  situation  by  describing 
the  relationships  between  the  conditions 
at  the  critical  diameter  and  those  at  the 
critical  initiating  pressures  (gap  test) 
and  then,  by  using  measured  values  for 
one  explosive  in  a  number  of  different 
physical  states,  to  demonstrate  the 
trends  observed  in  both  critical  diam¬ 
eter  and  critical  initiating  pressure 


with  increasing  charge  homogeneity.  TNT 
was  chosen  for  the  present  work  because 
it  has  been  so  widely  studied  that  more 
data  are  available  for  it  than  for  any 
other  pure  explosive.  Moreover,  it  is 
a  castable  material  and  hence  can  pro¬ 
vide  an  almost  continuous  range  of 
physical  heterogeneity  between  the  high¬ 
ly  compacted  porous  charge  and  the 
perfect  single  crystal. 

THRESHOLD  FOR  SHOCK -TO -DETONATION 
TRANSITION 

The  critical  initiating  pressure  is 
defined  as  the  minimum  pressure  (Pi) 
required  to  initiate  detonation  of  the 
explosive.  It  defines  a  threshold  for 
the  initiation  of  detonation  under  tran¬ 
sient  conditions.  The  value  of  Pi 
measured  in  any  given  test  is  determined 
not  only  by  the  chemical  composition  of 
the  test  material  and  its  physical  state 
but  also,  in  large  part,  by  the  physical 
dimensions  of  the  test.  These  dimen¬ 
sions  control  the  times  at  which  rear 
and  lateral  rarefactions  can  arrive  at 
the  shock  front  and  relieve  the  pressure. 
Thus  each  test  devised  to  measure  Pi  is 
apt  to  use  a  different  pressure  pulse 
(pressure -time  profile)  to  excite  reac¬ 
tion  of  the  explosive.  Different 
profiles  can  be  obtained  by  varying  the 
composition  and  shape  of  donor  explosives 
in  the  gap,  booster,  wedge  tests  and  by 
varying  projectile  material,  shape,  and 
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velocity  in  the  projectile  impact  and 
wedge  experiments.  They  are  also  ob¬ 
tained  by  varying  the  diameter  of  the 
acceptor  explosive.  The  explosive  re¬ 
sponse  differs  as  the  stimulus  differs, 
and  hence  gives  different  Pi  values  in 
different  tests.  In  other  words,  not 
only  Pi  but  also  Pi  vs  time  (t)  should 
be  specified  in  each  test. 

Eleven  years  ago  it  was  shown  theo¬ 
retically  (1)  that  a  limiting  pressure¬ 
time  (P-t)  curve  exists  for  a  50#  chance 
of  build-up  to  detonation  in  homogeneous 
explosives;  the  limiting  curve  divides 
the  impulse  plane  into  a  detonation 
region  and  a  failure  region.  Brown  and 
Whitbread  (2)  demonstrated  by  impact  of 
cylindrical  projectiles  on  two  physi¬ 
cally  heterogeneous  explosives  that  the 
Pi  determined  must  have  a  minimum  dura¬ 
tion  for  detonation  to  occur.  They  also 
showed  qualitatively  that,  at  P  >  Pi  and 
a  duration  shorter  than  that  required  at 
the  critical  pressure  level,  detonation 
could  also  be  initiated.  Since  then 
there  has  been  rather  general  agreement 
that  initiation  of  detonation  must  be  the 
result  of  the  pressure-time  history  of 
the  initiating  shock,  and  that  a  critical 
limit  curve  in  the  P-t  plane  must  exist 
for  each  explosive. 

In  many  cases  of  explosive  loading 
(e.g.,  a  gap  test),  maximum  shock  pres¬ 
sure  can  be  determined  much  more  readily 
than  the  pressure-time  profile.  Hence 
many  of  the  shock  sensitivity  measure¬ 
ments  have  been  restricted  to  pressure 
measurements  only.  However,  Walker  and 
Was ley  (3)  have  recently  combined  some 
plate  projectile  impact  data  (for  which 
pulse  duration  can  be  computed  from  plate 
thickness)  with  gap  test  measurements 
about  which  some  information  on  the 
pressure-time  profile  was  available. 

These  data  appear  to  define  a  critical 
ignition  energy  from  which  a  critical 
pressure-time  limit  curve  for  ignition 
can  be  derived. 

Some  of  the  gap  test  data  used  in 
the  above  work  (3)  were  obtained  with  the 
calibrated  NOL  large  scale  gap  test 
(LSGT)  (4).  Because  it  will  be  used  for 
data  in  this  work,  its  important  charac¬ 
teristics  will  be  briefly  reviewed.  It 
is  a  conventional  gap  test  with  a  5  cm 
diam  x  5  cm  long,  1.51  g/cc  tetryl  donor 
and  an  attenuator  gap  of  polymethyl 
methacrylate  (PMMA)  or  its  equivalent. 

The  acceptor  explosive  can  be  tested 
unconfined  or  in  the  moderate  confine¬ 
ment  of  a  steel  sleeve  (3*65  cm  ID, 

4.76  0D) .  A  mild  steel  witness  plate 
is  used  in  both  cases,  and  the  gap  length 
is  varied  until  the  50#  value  is  found, 
that  is,  the  attenuation  at  which  a  hole 


is  punched  in  the  witness  plate  in  50# 
of  the  trials.  The  system  donor/gap  has 
been  calibrated  (5)  to  give  shock  pres¬ 
sure  as  a  function  of  gap  length.  This 
50#  pressure  (Pg)  at  the  end  of  the  gap 
can  be  converted  to  the  initiating 
pressure  (Pi)  transmitted  to  the  explo¬ 
sive  by  use  of  the  Hugoniot  of  the  gap 
material  (5)  and  that  of  the  explosive, 
e.g. ,  cast  TNT  (6) . 

The  standard  donor  of  the  LSOT  is 
approximately  point  initiated;  hence 
the  detonation  front  in  the  donor  is 
spherical  and  the  hydrodynamic  flow  in 
the  gap  and  in  the  acceptor  is  divergent. 
The  transmitted  pressure  falls  off 
rapidly.  From  optical  observations  of 
the  tetryl/PMMA  system,  the  shock  pres¬ 
sure  decreases  to  half  its  initial 
amplitude  in  about  one  \isec  (7).  Walker 
and  Was ley  (3)  estimated  that  such  a 
pulse  was  equivalent  to  a  square  pulse 
of  an  amplitude  of  0.9  Pi  and  1.6  usee 
duration.  Although  a  one -dimensional 
hydrodynamic  flow  computation  on  the 
tetryl/PMMA  system  produced  a  half¬ 
width  of  4  usee  (7),  analogous  two- 
dimensional  computations  (8)  indicate 
values  of  1.1  to  1.7  usee,  in  fair 
agreement  with  the  original  estimate 
from  experimental  work. 

Like  all  such  tests,  the  LSOT  ex¬ 
hibits  a  diameter  effect.  Inasmuch  as 
doubling  the  length  of  the  standard 
booster  does  not  affect  the  measured 
pressure  (9),  rear  rarefactions  play  no 
part  in  the  attenuation.  Thus  the 
observed,  as  well  as  the  computed,  pulse 
shape  can  be  attributed  to  the  effect 
of  lateral  rarefactions  on  the  initial 
pulse.  Because  confinement  of  the  charge 
delays  the  arrival  of  lateral  rarefac¬ 
tions  at  the  charge  axis  we  find,  for 
the  same  measured  P* ,  that  the  diameter 
of  the  unconfined  charge  is  approxi¬ 
mately  twice  the  core  diameter  of  the 
confined  charge,  i.e.,  76  mm  (10).  This 
value  of  the  equivalent  diameter  (de) 
seems  applicable  to  a  number  of  different 
explosives,  but  the  size  of  the  change 
in  measured  Pi  with  confinement  depends 
on  the  shock  sensitivity  of  the  explo¬ 
sive.  The  change  is  greatest  for  the 
least  sensitive  materials  (10). 

Both  pressed  and  cast  TNT  exhibit 
the  usual  sensitivity  phenomena  of 
shocked  solid  heterogeneous  explosives 
(11,  12):  a  critical  initiating  pres¬ 
sure  (Pi)  for  detonation,  breakout  of 
detonation  downstream  from  the  shocked 
boundary,  and  a  consistent  decrease  of 
both  the  run  distance  and  delay  time 
to  steady-state  detonation  with  increas¬ 
ed  amplitude  of  the  applied  shock.  The 
run  distance  is  the  distance  from  the 
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plane  of  shock  entry  into  the  explosive 
to  the  plane  in  which  steady-state  deto¬ 
nation  is  first  established.  The  delay 
time  is  the  total  time  from  the  moment 
of  shock  entry  to  the  time  at  which 
steady-state  detonation  begins. 

Liquid  TNT  and  presumably  single 
crystal  TNT  behave  as  shocked  homogeneous 
explosives  (13).  They  too  exhibit  a 
critical  initiation  pressure,  but  deto¬ 
nation  occurs,  after  a  delay  (induction) 
time,  at  the  plane  of  shock  entry.  The 
detonation  wave  travels  through  shocked 
explosive  to  overtake  the  shock  wave. 

There  is  subsequently  a  short  period  of 
overdrive  of  the  unshocked  explosive.  The 
measured  induction  time  decreases  with 
increasing  pressure  of  the  initiating 
shock.  Special  cases  which  require  de¬ 
struction  of  material  homogeneity  (14) 
or  shock  interaction  with  the  confinement 
(15,  16)  before  initiation  will  not  be 
considered. 

The  LSGT  shock  sensitivity  values  for 
pressed  TNT  have  been  reported  in  previous 
work  (17)  as  Pg  vs  percent  theoretical 
maximum  density  TMD) .  The  trend  was 
the  usual  one  of  increasing  Pg  with  in¬ 
creasing  compaction.  The  average  parti¬ 
cle  size  of  the  TNT  used  for  that  work 
was  about  150  4  with  a  maximum  particle 
size  of  600  4.  Subsequent  tests  on 
charges  made  from  100  4  and  200  4  TNT 
showed  the  same  Pg  values  at  80#  TMD  (10). 
Although  TNT  in  tne  LSGT  shows  no  parti¬ 
cle  size  effect  on  Pg,  the  less  sensitive 
nitroguanidine  (18)  does.  So  too  do 
tetryl  and  PETN  (19)  when  tested  at 
smaller  de  than  that  of  the  LSGT.  In 
both  cases,  the  measured  effect  is  small 
and  disappears  at  high  compactions. 

The  LSGT  measurements  on  TNT  have 
been  collected  in  Table  1.  Pg  values  have 
been  converted  to  P^  values  By  using  the 
Hugoniots  of  PMMA  (5)  and  of  cast  TNT  (6) 
except  for  the  low  density  charge.  In 
that  case  an  interpolation  was  made 
between  the  Hugoniot  for  TNT  ( p0  =  1  g/cc) 
(20)  and  that  at  higher  density  (6). 

Pi  values  at  de  ^  3  dc  (the  critical 
diameter)  and  hence  approximating  the 
infinite  diameter  value  are  given  for 
each  charge.  A  single  TOT  crystal  has 
not  been  tested,  but  liquid  TNT  has  been 
(13)  and  supplies  the  limiting  value  of 
125  kbar.  Computations  using  Hugoniots 
of  solid  (6)  and  liquid  (21)  TOT  show 
that  the  energy  and  temperature  jump 
across  the  shock  front  is  much  less  for 
the  solid  than  for  the  liquid. 

Values  for  the  two  cold  pressed 
charges  of  Table  1  are  smoothed  values 
from  previous  work  (17).  The  values  for 
the  confined  charges  of  two  of  the 


castings  have  been  deduced  from  measure¬ 
ments  on  bare  charges,  as  described  in 
Ref.  (10).  All  values  have  been  arranged 
in  order  of  increasing  physical  homo¬ 
geneity  of  the  charge,  judged  from  a 
knowledge  of  its  method  of  preparation. 
Thus,  a  rapid  cooling  and  solidification 
of  TNT  results  in  a  casting  containing 
many  small  crystals;  it  should  be  the 
most  heterogeneous  of  the  castings  al¬ 
though  more  homogeneous  than  any  pressed 
charge.  A  vacuum  casting  should  be 
more  homogeneous  than  a  creamed  casting 
both  because  of  the  evacuation  of  any 
trapped  air  and  because  cooling  under 
vacuum  would  be  somewhat  slower  than 
the  air  cooling  of  the  creamed  casting. 
Casting  No.  4  was  obtained  with  a  heat¬ 
ed  mold  and  steam  fingers  which  supplied 
some  heat  to  the  interior  of  the  casting 
throughout  the  solidification  process. 

The  charges  so  prepared  contained  a 
number  of  large  TNT  crystals  and  most 
closely  approximated  the  case  of  the 
single  crystal. 

The  data  of  Table  1  sho w  two  things 
very  clearly:  (1)  there  is  a  continuous 
variation  in  Pi  values  from  the  most  to 
the  least  heterogeneous  charge,  and 
(2)  the  required  initiating  pressure 
increases  monotonically  with  increasing 
physical  homogeneity  of  the  charge. 
Although  a  smooth  trend  in  the  range  of 
cold  pressed  charges  is  commonly  found, 
earlier  work  (17)  suggested  a  disconti¬ 
nuity  between  the  initiating  pressure 
required  for  the  highest  density  pressed 
charge  and  that  for  a  single  crystal 
(RDX  or  PETN) .  If  the  values  for  the 
cast  charges  were  omitted  from  Table  1, 
a  similar  apparent  jump  in  Pi  would 
occur  for  TOT.  A  castable  material  can 
be  handled  to  produce  charges  of  homo¬ 
geneity  bridging  the  difference  between 
that  of  the  highest  density  pressed 
charge  and  of  the  perfect  crystal.  A 
comparable  treatment  for  non-castable 
explosives  such  as  RDX  would  involve 
the  use  of  a  solvent,  i.e.,  solution  in 
place  of  melting.  In  both  cases,  a 
continuous  variation  in  homogeneity  and 
hence  in  Pi  can  probably  be  obtained. 

THRESHOLD  FOR  PROPAGATION  OF  DETONATION 

The  failure  or  critical  diameter 
(dc)  determines  the  charge  size  at 
which  there  exists  a  threshold  for  the 
propagation  of  detonation  under  steady 
state  conditions.  By  definition,  dc  is 
that  diameter  at  or  above  which  detona¬ 
tion  propagates  and  below  which  it  fails. 
The  existence  of  a  failure  diameter  is 
the  result  of  two  dimensional  effects. 

In  accord  with  this  and  with  the  shock- 
to-detonation  transitions  discussed  in 
the  previous  section,  dc  defines  that 
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TABLE  1 

LSGT  Shock  Sensitivity  Data  for  Various  Forms  of  TNT 


Form  of  Charges 

Po 

g/cc  #TMD 

Unconfined  (d  =  3.81  cm) 

Confined  (de  ~  7.6  cm) 

505^  Point 

50#  Point 

Oap  Pg  Pl 

(mm)  (kbar)  (kbar) 

Gap  Pg  1?1  de 

(mm)  (kbar) (kbar)  dc 

Pressed  at  25°C 

1.18  71.5 

1.62  98.0 

(50.3  18  13)b 

(29.7  43  49)b 

63.7  11  8  10 

45.2  22  25  35 

Castings 

1.57  95.0 

1.615  97.75 

1.62  98.0 

1.61  97.5 

24.9  50  61 
18.5  62  _  74 
9-7c  87. 5C  1Q4C 

Subcriticala 

(40.2  28  32)b  5 

34.5  37  43  b  3 

(20.6  56  69) b  3 

>0e 

Poured  Cooling  Rate 

1  Clear  Rapid 

2  Creamed  Moderate 

3aClear  Moderate 

4  Clear  Very  slow 

Perfect  Single  Crystal 

1.65  100 

- 

>125f  3 

а.  Vacuum  cast.  b.  Values  in  parentheses  were  not  measured.  See  Ref.  (10).  c.  Tested 
at  d  *  5.08  cm  because  dc  =  3.8l  cm.  d.  Entering  shock  at  zero  gap  induced  fading 
reaction.  Front  travelled  at  6.8  mm/usec  for  5  to  6  cm,  and  then  at  4.7  mm/usec  for 
next  9  to  10  cm.  e.  Only  one  shot  at  zero  gap;  measured  detonation  velocity  was 

б. 9  mm/psec.  f.  Estimate  -  see  text. 


charge  size  at  which  the  steady-state 
detonation  wave  has  been  attenuated 
from  its  infinite  diameter  value  by 
lateral  rarefactions  until  it'is  just 
critical  for  initiation.  In  other  words, 
at  dc  the  pressure  pulse  between  the  von 
Neumann  shock  front  and  the  C-J  plane  is 
just  critical  for  initiating  detonation 
after  a  run  length  equal  to  the  reaction 
zone  length  and  a  total  delay  time  equal 
to  the  reaction  time.  Thus  at  dc  the 
transient  initiation  phenomena  just  fit 
into  the  reaction  zone  at  the  threshold 
of  steady-state  propagation.  This  is 
the  rather  complex  relationship  between 
the  explosive  behavior  at  these  different 
thresholds,  each  of  which  is  a  different 
facet  of  shock  sensitivity.  A  quantita¬ 
tive  illustration  of  this  proposed  re¬ 
lationship  will  be  given  later. 

Available  Data  on  dc  of  TNT 


In  the  range  of  cold  pressed  charges, 
the  variation  of  the  critical  diameter 
with  the  charge  porosity  has  served  as 
the  basis  of  a  convenient  classification 
of  explosives  into  two  groups  (17). 

Group  1,  typified  by  TNT,  exhibits  de¬ 
creasing  dc  with  increasing  compaction 
(increasing  %  TMD) .  Group  2,  typified 
by  ammonium  perchlorate  (AP) ,  exhibits 
the  reverse  trend.  As  a  result  of  the 


different  failure  behavior,  the  two 
groups  also  exhibit  differences  in  their 
detonation  velocity  (D)  vs  p0  curves  at 
finite  diameters.  Members  of  Group  1 
have  linear  D  vs  p0  curves  whereas  those 
of  Group  2  can  exhibit  D  vs  p0  curves 
with  a  maximum  in  D.  In  later  work  (18) 
we  found  that  the  division  between  the 
two  groups  was  not  as  sharp  as  we  first 
thought,  that  some  materials,  e.g., 
nitroguanidine,  have  a  U  shaped  dc  vs 
p0  curve  and  exhibit  Group  1  patterns 
at  lower  %  TMD,  Group  2  patterns  at 
higher  %  TMD.  It  is  probable  that  any 
pressed  explosive  can  behave  in  this 
way  provided  the  necessary  range  in 
degree  of  compaction  can  be  achieved 
experimentally . 

Most  of  the  dc  measurements  on 
pressed  TNT  (porous,  granular  compacts) 
have  been  made  by  Russian  investigators. 
Fig.  1  shows  some  of  these  data  plotted 
dc  vs  p0 .  The  two  solid  lines  are  values 
reported  by  Bobolev  (22)  for  fine  and 
coarse  TNT.  These  curves  show  the  Group 
1  behavior  described  above  and  also 
demonstrate  the  effect  of  particle  size 
on  critical  diameter.  In  the  p0  range 
of  O.85  to  1.23  g/cc,  dc  is  decreased 
by  a  factor  of  2  to  3  for  a  decrease  in 
the  initial  average  particle  diameter 
(increase  in  surface  area)  of  about  a 
factor  of  4.  It  should  be  noted,  however. 
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that  the  curve  for  the  fine  TNT  ends  at 
75$,  probably  because  of  pressing  diffi¬ 
culties.  If  experimental  data  could  be 
obtained  to  extend  that  curve,  it  should 
approach  the  curve  for  the  initially 
coarser  TNT  even  as  the  two  Pi  vs  p0 
curves  become  coincident  at  high  compac¬ 
tions.  That  this  is  probably  the  case 
is  indicated  by  a  recent  determination 
(23)  on  fine  (20  -70  \i ]  TNT  at  97$  TMD. 

In  this  work  a  critical  slab  thickness 
(h)  was  measured;  it  and  the  approximate 
dc  ~  2h  are  plotted  as  crosses  in  Pig.  1. 
Either  value  indicates  that  the  fine  TNT 
critical  curve  will  approach  or  go  through 
a  minimum  and  that  at  high  compaction 
there  will  be  no  significant  difference 
in  dc  of  the  initially  fine  and  initially 
coarse  TNT. 


LOADING  DENSITY  pQ  (g/cc) 

FIG  1  FAILURE  LIMIT  CURVES  FOR  TNT  IN  DIAMETER- 

DENSITY  PLANE  ( - REF  22;  x  REF  23, 

•  DETONATION  o  FAILURE.  REF  26, 

- CURVE  CHOSEN  FOR  REF  26  DATA, 

- INTERPOLATION) 

Although  there  is  only  one  set  of 
data  for  the  fine  TNT,  there  are  several 
for  the  coarser  material.  Dremin  et  al 
(24)  quote  limit  data  from  Apin  and 
Stesik  (25)  for  100  p  TNT.  That  failure 
limit  curve,  not  shown  in  Fig.  1,  lies 
0.8  to  0.2  mm  below  Bobolev^  curve  for 
70  -  200  p  TNT,  about  where  it  should  be 
for  a  small  decrease  in  the  average 
particle  size.  The  most  recent  data 
are  those  of  Stesik  and  Akimova(26); 


their  limiting  shots  for  failure  and 
detonation  are  plotted  in  Fig.  1.  Over 
the  range  1.0  to  1.62  g/cc  they  agree 
quite  well  with  the  data  of  Ref.  (22); 
at  0.8  g/cc  there  is  a  large  disagreement 
The  close  agreement  at  higher  densities 
makes  the  size  of  the  discrepancy  between 
the  most  porous  charges  seem  improbable. 
Examination  of  the  D  vs  reciprocal  dia¬ 
meter  (d~M  curve  (26)  for  the  charges 
at  p0  =0.8  g/cc  shows  a  sharp  change  in 
slope  at  d  =  10  mm.  For  this  reason, 
dc  (0.8  g/cc)  =  10  mm  is  used  here  in¬ 
stead  of  the  lower  value  selected  in 
Ref.  (26).  (At  d  <  dp,  it  is  often  dif¬ 
ficult  to  distinguish  an  overdriven  shock 
from  a  steady-state  detonation  in  a  low 
density  charge  of  moderate  length.)  With 
this  change,  the  Ref.  (26)  data  are  in 
far  better  agreement  with  data  from  both 
Ref.  (25)  and  Ref.  (22),  as  shown  in  Fig.l 

The  possible  forms  of  the  lower 
curve  of  Fig.  1  at  higher  density 
strongly  suggests  that  TNT  can  be  put 
in  a  physical  state  in  which  it  will 
exhibit  a  U  shaped  dc  vs  p0  curve.  This 
possibility  has  been  recently  confirmed 
with  measurements  on  hot  pressed  (72°  - 
76°C)  TNT.  In  the  narrow  range  of  1.60 
to  1.65  g/cc  in  p0  and  8  to  13  mm  in  d, 
these  charges  exhibit  Group  2  patterns 
for  both  D  vs  p0  and  dc  vs  p0  curves 
(27)  i.e.,  a  maximum  D  in  the  D  vs  p0 
curve  and  dc  increasing  with  increasing 
Po- 

The  above  measurements  on  pressed 
charges  are  summarized  in  Table  2  which 
also  includes  available  data  for  cast 
TNT.  The  data  have  been  arranged  in 
order  of  increasing  physical  homogeneity 
of  the  charge,  as  were  those  of  Table  1. 
As  in  the  case  of  Pi,  there  is  a  con¬ 
tinuous  variation  in  dQ  from  the  most  to 
the  least  heterogeneous  charge.  The  gap 
between  the  values  for  the  highest 
density  pressed  charge  and  the  single 
crystal  (with  dc  greater  than  that  of 
Casting  4)  is  smoothly  bridged  by  charges 
produced  by  the  different  methods  of 
preparation.  Similarly,  the  gap  between 
the  cold  pressings  (heterogeneous  and 
permeable  to  fluids)  and  the  castings 
(approximately  homogeneous  and  imper¬ 
meable)  can  be  bridged  by  hot  pressing. 
Pure  TNT  melts  at  8l°C;  hence  pressing 
at  72  -  76°C  will  cause  some  local  melt¬ 
ing  and  flow  so  that  the  charges  con¬ 
tain  both  permeable  and  impermeable 
regions.  In  the  region  of  cold  pressed 
charges,  dc  decreases  with  increasing 
degree  of  homogeneity  (a  Group  1  pattern) 
but  this  trend  is  reversed  in  the  region 
of  hot  pressing.  Thereafter  dc  like 
Pi  increases  with  increasing  homogeneity. 
The  overall  trend  strongly  suggests 
that  permeability  permitting  convective 
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heat  transfer  by  flow  of  hot  gas  products 
has  a  role  in  the  initiation  and  propa¬ 
gation  of  detonation.  Finally  the  data 
of  Table  2  show  that  the  effect  of  the 
initial  particle  size  on  dc  is  appreci¬ 
able  at  low  #TMD  and  neglibible  at  high 
#TMD,  as  it  was  for  Pj_. 

Other  Information  about  Critical 

Conditions 

More  information  can  be  obtained 
about  the  failure  conditions  if  other 
measurements  are  made  in  addition  to  dc. 

In  particular,  from  the  detonation  veloci¬ 
ty  at  dc  (Dc),  an  estimate  of  the  deto¬ 
nation  pressure  at  critical  conditions 
is 

pjc  -  PoV/4  (1) 

A  measure  of  the  reaction  zone  length  (x) 
leads  to  an  estimate  of  reaction  time  (t). 
Since  x  =  (D  -  u)t  where  u  is  the  average 
particle  velocity  in  the  reaction  zone, 
the  estimate  u  =  1.2  uj  leads  to  x^  = 
f(Y)D£T^  where  f(y)  is  a  slowly  varying 
function  of  the  adiabatic  exponent  y; 
f(y)  can  be  approximated,  as  in  Ref.  (31), 
by  2/3  to  give 

T±  =  l.Sxi/Di  (2) 


Equation  (2)  gives  the  approximate  value 
for  the  ideal  or  infinite  diameter  deto¬ 
nation  reaction  time  because  measurements 
or  estimates  of  x  are  made  at  conditions 
approaching  ideal.  For  near  voidless 
materials,  however,  Dc  ~  D*  and 
should  be  a  good  approximation  for  tc. 
Finally  an  estimate  of  the  energy  re¬ 
quired  for  propagation  at  dc  can  be 
•obtained  from 

E(cal/cma)  =  P8t/p0U  (3) 

where  U  is  the  shock  velocity  of  ampli¬ 
tude  P  in  the  unreacting  explosive. 

Walker  and  Wasley  (3)  derived  Eq.  (3) 
for  a  square  pressure  pulse  of  amplitude 
P  and  duration  t  created  by  high  veloc¬ 
ity  impact  of  an  explosive  projectile 
against  an  explosive  target.  If  P,  t, 
p0,  and  U  are  in  units  of  kbar,  psec, 
g/cm3  and  mm/p.sec,  respectively,  the 
conversion  factor  is  0.239.  With  the 
hydrodynamic  relation,  P  =  p0Uu,  Eq. 

(3)  can  be  converted  to 

E  «  Put  (4) 

where  u  is  particle  velocity.  For  the 
units  of  kbar,  psec  and  mm/psec,  a 
factor  of  2.39  gives  E  in  cal/cm3.  To 
obtain  the  energy  value  at  dc,  where  U  = 
Dc,  we  approximate  P  ~  Pjc  and  tc  =  t±. 


TABLE  2 


Critical  Diameters  of  Various  Forms  of  TNT 


Form  of  Charges 

Po 

g/cc  $TMD 

dC 

mm  Reference 

Pressed  at  25°C 

ca.  140  4 

ca.  30  4 

1.18  71.5 

1.62  98.0 

1.18  71.5 

1.60  97.0 

7.5,  6.4,  7.0  22,25,26 

2.0,  1.8,  2.5  22,25,26 

2.5  22 

Ca.2.5  23 

Pressed  at  72  -  76°C 

1.64  99.2 

7.8  27 

Castings 

Poured  Cooling  Rate 

1  Clear  Rapid 

2  Creamed  Moderate 

3a  Clear  Moderate 

4  Clear  Very  slow 

1.62  98.0 

1.61  97.5 

1.62  98.O 

1.61  97.5 

14  26 

24,27  28,29 

38  30 

>38  30 

Perfect  Single  Crystal 

1.65  100 

- 

a.  Vacuum  cast. 
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The  result  is  a  low  estimate  because  the 
square  pressure  pulse  equivalent  to  the 
pulse  between  the  von  Neumann  and  C-J 
planes  should  have  an  amplitude  greater 
than  P1p  (ti  is  probably  less  than  tc  as 
well) . 

Stesik  and  Akimova  (26)  reported* 
in  addition  to  the  dc  values  already 
used*  a  number  of  D  vs  d  measurements 
and  also  derived  reaction  zone  length 
data.  Their  data  and  results  computed 
from  them  with  Eqs.  1  to  4  are  summarized 
in  Table  3.  All  the  critical  parameters 
of  the  pressed  charges  show  a  smooth 
variation  with  p0  or  #TMD*  but  the  only 
linear  curves  are  dc  vs  $TMD  and  log 
Pjc  vs  $TMD.  The  rest  are*  like  (Dc/Di) 
vs  #TMD*  concave  upward.  The  tabulated 
values  of  (Dc/Di)  show  the  low  values 
(ca.  0.6)  typical  of  loose  powder  charges 
and  the  high  values  (ca.  0.95)  typical  of 
cast  or  pressed  charges  at  95%  or  more  of 
their  voidless  density. 

There  is  at  present  some  confusion 
about  measuring  detonation  reaction  zone 
length  and  reaction  time.  Table  3  gives 
reaction  zone  lengths  (xi)  and  reaction 
time  (Ti)  computed  from  Eyring's  curved 
front  theory.  Stesik  and  Akimova  (26) 
obtained  an  experimental  value  of  the 
zone  length  on  the  basis  of  calibrating 
their  system  with  one  series  of  free 
surface  velocity  measurements  on  explo¬ 


sively  driven  plates  of  different  thick¬ 
nesses.  They  also  computed  from  these 
results  a  detonation  reaction  time  (t^) 
which  is  presented  for  comparison  in 
Table  3-  The  times  t  were  chosen  for  the 
present  treatment  because  they  produce 
a  linear  curve*  log  t  vs  #TMD*  which  is 
also  a  fairly  good  approximation  to  the 
Ref.  (26)  data.  Both  t  and  t  are  of  the 
same  order  of  magnitude  as  the  more 
recently  reported  direct  measurements 
of  reaction  time  (34). 

The  last  column  of  Table  3  contains 
the  values  of  energy  per  unit  area  (E) 
delivered  to  the  explosive  to  sustain 
propagation  at  the  critical  conditions. 

In  view  of  the  approximations  used*  E 
might  be  constant  over  the  range  of  the 
pressed  charges  but  it  is  certainly 
lower  than  the  value  required  for  a 
cast  charge.  It  should  be  noted  that 
if  Eq.  (3)  is  converted  to  energy  per 
gram  instead  of  energy  per  unit  area* 
it  is  equal  to  Ujca  and  shows  a  smooth 
variation  with  #rMD  as  do  the  other 
detonation  parameters  at  d  =  dq.  Finally* 
the  data  of  Table  3  can  be  used  to  con¬ 
struct  a  limit  curve  in  the  pressure¬ 
time  plane  for  pressed  TNT  charges. 

This  is  shown  in  Fig.  2  where  the  curve 
divides  the  plane  into  a  super-  and  a 
subcritical  region. 


TABLE  3 

Additional  Data  for  TNT  in  Several  Different  Forms 


Parameters 

at  Failure  Conditions 

Ideal  Reaction 
Zone 

Energy  at  dc 

Po 

dc 

Dc. 

mm/ 

pjc 

Dc 

pc 

X 

T 

t 

E 

g/cc 

#TMD 

mm 

lisec 

kbar 

Di 

Pi 

mm 

psec 

psec 

cal/cm3 

a 

a 

Eq.  1 

a 

Eq.  1 

b 

Eq.  2 

a 

Eq.3 

Pressed 

Charges 

0.80 

48.5 

10c 

2.80c 

16 

0.64c 

0.44 

4.0 

1.4 

0.56 

38 

1.00 

60.6 

9.0 

3.44 

30 

O.69 

0.48 

2.4 

0.72 

0.40 

44 

1.46 

88.5 

4.3 

5.77 

121 

0.88 

0.74 

0.30 

0.069 

0.095 

28 

1.55 

94.0 

3.3 

6.34 

156 

0.93 

0.86 

0.23 

0.050 

0.051 

29 

1.62 

98.2 

2.5 

6.63 

178 

0.95 

0.90 

0.21 

0.045 

0.034 

32 

1.62 

98.2 

15.0 

6.61 

Cast 

Charge  (rapidly  co< 

oled) 

0.19 

0.15 

133 

177 

0.94 

0.88 

0.9 

a.  Ref.  (26). 

b.  From  x  =  d(l  -  D/Di ) *  Ref.  (32) .  See  Ref.  (33)  for  these  specific  values. 

c.  Changed  from  Ref.  (2o)  values  as  shown  in  Fig.  1. 
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FIG  2  CRITICAL  CURVE  FOR  PROPAGATION  IN  PRESSURE¬ 
TIME  PLANE  FOR  PRESSED  TNT  CHARGES 


DISCUSSION 

The  data  gathered  for  TNT  have  shown 
that  both  the  critical  initiating  pres¬ 
sure  Pi  and  the  critical  diameter  dc  are 
determined  in  large  part  by  the  degree  of 
physical  homogeneity  of  the  charge.  It 
is  to  be  expected  therefore  that  these 
two  threshold  values  will  be  related  to 
each  other,  and  the  plot  of  dc  vs  P^ 
shown  in  Fig.  3  affirms  such  a  relation¬ 
ship  by  showing  a  smooth  curve  over  the 
entire  experimental  range.  This  curve 
also  serves  as  a  graphic  summary  of  much 
of  our  present  information  on  the  critical 
behavior  of  an  organic  explosive. 

Although  there  is  no  quantitative 
measure  of  the  degree  of  physical  homo¬ 
geneity,  we  Know  that  it  varies  from  very 
low  at  the  extreme  left  of  Fig.  3  (high 
porosity,  cold  pressed  charges)  to  very 
high  at  the  extreme  right  (100%  when  the 
extrapolated  curve  reaches  the  perfect 
single  crystal).  Between  these  extremes, 

PjL  shows  a  monotonic  increase  with  increas¬ 
ing  homogeneity  and  no  particle  size  effect 
in  the  range  of  cold  pressed  charges.  At 
the  extreme  right  (single  crystal)  ignition 
and  initiation  must  be  by  a  homogeneous 
mechanism  since  no  other  is  available.  At 
the  extreme  left,  it  is  generally  agreed 
that  initiation  must  be  by  a  hot  spot 
mechanism,  i.e.,  surface  reaction  at  areas 
of  energy  concentration.  This  heteroge¬ 
neous  mechanism  is  accepted  because  the 
measured  initiating  pressure  is  far  too 
low  to  effect  by  shock  compression  a 
significant  temperature  rise  through¬ 
out  the  bulk  of  the  material.  As  the 
charges  are  changed  from  heterogeneous 
to  homogeneous,  the  ignition  mechanism 
also  changes;  it  follows  that,  in  some 
intermediate  region,  initiation  must  be 
by  both  heterogeneous  and  homogeneous 
mechanisms  acting  simultaneously.  The 


effect  of  degree  of  homogeneity  on  P^  is 
attributed  to  its  reflection  of  the  con¬ 
centration,  distribution  and  size  of  hot 
spot  sites. 


FIG.  3  VARIATION  OF  CRITICAL  DIAMETER  WITH  CRITICAL 
INITIATING  PRESSURE  FOR  SEVERAL  FORMS  OF  TNT 
(COLD  PRESSED  CHARGES:  o  COARSE,  a  FINE; 

HOT  PRESSED  CHARGES - ;  CAST  CHARGES  o  ; 

EXTRAPOLATION - ) 

In  the  region  of  cold  pressed  charges, 
a  particle  size  effect  on  dc  has  been 
indicated.  The  Group  1  behavior  of 
decreasing  dc  with  increasing  #TMD, 
shown  by  the  coarse  TNT,  was  previously 
attributed  to  increasing  domination  of 
the  heterogeneous  reaction  by  the  homo¬ 
geneous  (17)*  Thus,  at  higher  density 
and  higher  reaction  pressure,  the  domi¬ 
nance  of  bulk  over  surface  reaction 
could  result  in  shorter  reaction  times 
and  reaction  zone  lengths  which,  in 
turn,  would  result  in  lower  dc  values. 

This  still  seems  a  reasonable  suggestion 
because  detonation  pressures  of  120-180 
kbar  (Table  3  and  Fig.  2)  are  quite  high 
enough  to  cause  appreciable  bulk  heating 
during  shock  compression.  But  the  appar¬ 
ent  reversal  in  trend  shown  by  the  fine 
TNT  and  the  obvious  reversal  in  trend 
(dc  vs  or  dc  vs  degree  of  homogeneity) 
in  the  hot  pressed  charge  range,  as  com¬ 
pared  to  the  cold -pressed,  suggests  that 
another  factor  should  be  considered. 

Because  the  behavior  of  the  hot  pressed 
charges  bridges  that  of  the  cold-pressed 
and  cast  which  are,  respectively,  per¬ 
meable  and  impermeable,  the  new  factor 
might  well  be  the  flow  of  detonation 
products  through  the  charge.  If  so, 
convective  heat  transfer  from  such  flow 
must  play  a  role  such  that  initiation  is 
easier  to  achieve  when  the  flow  is  opti¬ 
mum  in  permeable  charges. 

This  suggestion  is  strengthened  by 
the  apparent  importance  of  permeability 
in  the  transition  from  burning  to  deto¬ 
nation  in  granular  compacts  (35).  Al¬ 
though  permeability  was  not  the  only 
factor  affecting  the  ease  of  transition 
(for  example,  surface  to  volume  ratio 
of  the  individual  particles  and  energy 
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produced  by  chemical  reaction  were  also 
considered) ,  Griffiths  and  Groocock  (35) 
found  it  a  very  important  one.  They 
proposed  that  the  high  velocity  com¬ 
bustion  necessary  for  transition  was 
possible  because  of  a  convective  trans¬ 
fer  of  energy  from  hot  reaction  gases 
to  solid  unreacted  particles.  A  shock- 
to-detonation  transition  is  a  very  rapid 
burning  to  detonation  transition  in  which 
experimental  time  resolution  is  difficult. 
Mechanisms  operative  in  more  easily  re¬ 
solved  transitions  (35)  may  also  be  opera¬ 
tive  here. 

In  this  connection,  it  should  be 
noted  that  the  phenomenon  of  "overshoot " 
observed  in  the  shock  initiation  of 
detonation  in  cold  pressed  charges  (11, 

36,  37)  is  not  observed  in  hot  pressed 
charges  (38)  or  in  cast  charges  (11). 

The  extent  of  overshoot  in  cold  pressed 
charges  is  greatest  for  the  most  porous 
and  least  for  the  most  compact  (11).‘ 
Permeability  of  the  charge  may  be  respon¬ 
sible  for  the  appearance  of  overshoot. 

Fig.  3  summarized  the  large  effects 
of  the  physical  homogeneity  on  the  prop¬ 
agation  and  initiation  thresholds  of  a 
pure,  chemically  homogeneous  explosive. 

Its  complexity  illustrates  the  impossi¬ 
bility  of  creating  a  single  satisfactory 
model  for  a  theoretical  treatment  of 
either  failure  or  shock-to-detonation 
transition  over  the  entire  range  of  vari¬ 
ation  in  initial  physical  state.  At  the 
same  time,  however.  Fig.  3  shows  that 
there  are  no  discontinuous  changes  in  the 
threshold  values  when  preparation  can  be 
varied  to  give  charges  of  different 
degrees  of  homogeneity  so  that  they 
bridge  the  rather  large  gap  between  the 
highest  density  pressed  charge  and  the 
perfect  single  crystal. 

Although  Fig.  3  demonstrates  the 
continuum  of  threshold  values,  it  does 
not  provide  a  quantitative  example  of 
the  relationship  between  conditions  at 
these  two  types  of  threshold,  i.e., 
the  conditions  of  transient  initiation 
and  those  at  dc.  We  can  do  this  in 
two  ways:  (a)  plot  the  two  sets  of  pres¬ 
sure-time  data  (those  at  dc  and  those 
from  the  LSGT)  on  a  log-log  scale,  as 
suggested  by  Fig.  2,  and  approximate  the 
limit  curve  by  a  straight  line  or  (b)  use 
the  concept  of  a  critical  energy  for 
initiation  of  detonation,  compute  that 
energy  from  the  measurements  at  dc  with 
Eq.  (3)  and  use  it  in  Eq.  (4)  to  define 
the  limit  curve.  In  either  case,  we 
must  know  the  Hugoniot  (P  vs  u)  of  the 
non-reacting  explosive  or  approximate  it 
in  some  way.  There  are  several  Hugoniots 
for  high  density  TNT  which  can  be  used 
for  the  near  voidless  TNT,  pressed  or 


cast,  but  there  is  only  one  for  a  very 
porous  (1.0  g/cc)  TNT  (20).  There  is 
some  question  about  the  possibility  of 
shocking  such  a  porous  material  without 
inducing  reaction,  i.e.,  the  Hugoniot 
data  may  be  those  of  a  partially  react¬ 
ing  material  rather  than  the  desired  data 
for  the  non-reacting  material.  Moreover, 
this  very  porous  charge  is  in  the  region 
where  the  effect  of  the  initial  particle 
size  is  greatest  (see  Fig.  3)  and  where 
we  lack  the  necessary  critical  data  on 
charges  prepared  from  fine  TNT.  For 
both  of  these  reasons,  we  chose  to  use 
pressed  TNT  of  p0  =  1.62  g/cc. 

Table  3  shows  that  the  "critical 
energy"  for  initiation  of  the  high  density 
compact  is  32  cal/cma.  This  Is  remarkably 
and  probably  fortuitously  close  to  the 
energy  limit  of  33  cal/cm3  Walker  and 
Wasley  report  for  ignition  of  pressed 
TNT  at  1.64  g/cc.  Our  value  is  low 
because  of  approximating  the  critical 
pressure  pulse  with  a  square  one  of 
amplitude  PjC  (a  minimum  rather  than 
average  value)  but  it  does  seem  to  be  of 
the  right  order  of  magnitude.  It  is 
combined  with  the  Hugoniot  data  (6)  in 
Eq.  (4)  to  generate  the  limit  curve  of 
Fig.  4.  The  curve  is  slightly  concave 
upward,  but  can  be  fairly  well  approxi¬ 
mated  by  a  straight  line.  Moreover  the 


FIG.  4  CRITICAL  CURVE  THROUGH  THRESHOLD  VALUES 
FOR  PRESSED  TNT  (pQ  =  1.62,  E  =  32  cal/cm2) 


estimated  square  pulse  equivalent  of  the 
initiating  pulse  used  in  the  LSGT  (0.9 
Pi,  1.6  jisec )  falls  on  the  limit  curve 
as  shown,  well  within  errors  to  be  ex¬ 
pected  from  those  introduced  experimen¬ 
tally  as  well  as  by  the  approximations 
used.  The  limit  curve  divides  the  P-t 
plane  into  a  possible  initiation  and  a 
failure  region  (above  and  below  the  curve, 
respectively).  The  curve  originates  at 
the  P-t  conditions  found  at  the  critical 
diameter  threshold  and  runs  through  the 
continuum  of  (P,t)  values  which  includes 
all  the  threshold  values  for  initiation 
measured  in  the  various  gap,  wedge,  pro¬ 
jectile,  and  booster  tests.  The 
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conditions  for  the  large  scale  gap  test 
fall  on  the  curve  toward  its  lower  end; 
the  curve  probably  terminates  shortly 
beyond  that  point  since  there  is  prob¬ 
ably  an  upper  time  limit  in  which  the 
critical  energy  must  be  delivered  in 
order  to  initiate  detonation.  This  par¬ 
ticular  example  provides ,  therefore,  a 
consistent  and  satisfying  illustration 
of  the  conceptual  relationship  between 
conditions  at  the  threshold  for  propa¬ 
gation  and  the  numerous  thresholds  for 
initiation.  It  also  supports  the  con¬ 
cept  of  a  critical  energy  of  initiation, 
but  further  tests  with  improved  data 
should  certainly  be  made. 

In  principle,  a  limit  curve  analo¬ 
gous  to  that  for  the  pressed  TNT  can  be 
constructed  for  the  cast  TNT.  In  fact, 
energies  computed  for  the  cast  charge 
(rapidly  cooled)  of  Table  3  from  critical 
diameter  data  and  from  comparable  data 
(Table  1)  differ  by  a  factor  of  about  two. 
This  discrepancy  is  attributed  to  error 
in  the  reaction  time  used  for  the  cast 
TNT.  If  we  assume  that  the  highest 
density  pressed  charge  and  all  the  cast¬ 
ings  have  the  same  values  Dc  and  Pjc, 
as  the  Table  3  data  suggest,  we  can 
estimate  critical  energies  and  reaction 
times  from  Eq.  (3)  and  the  P^  data  of 
Table  1.  With  LSGT  conditions  of  P  =  0.9 
Pi,  t  =  1.6  4sec,  Eq.  (3)  indicates 
relative  reaction  times  at  dc  of  1,  1.6, 
2.6,  and  5.9,  respectively,  for  the  pressed, 
rapidly  cooled  cast,  creamed  cast,  and 
vacuum  cast  charges.  This  is  a  reasonable 
trend  and  gives  an  increase  in  critical 
energy  from  the  higji  density  compact  to 
Casting  1  of  1.6  instead  of  4.1  times  as 
shown  in  Table  3* 

SUMMARY 

The  various  aspects  of  shock  sensi¬ 
tivity  have  been  illustrated  with  data 
obtained  for  TNT  charges  of  varying  de¬ 
grees  of  physical  homogeneity.  Both  the 
critical  diameter  for  the  propagation  of 
detonation  (dc)  and  the  critical  initiat¬ 
ing  pressure  measured  with  the  LSGT  (Pi) 
show  continuous  change  with  charge  homo¬ 
geneity.  Pi  increases  (ease  of  initiation 
decreases)  monotonically  with  increasing 
charge  homogeneity.  The  same  trend  was 
observed  for  dc  in  the  region  of  cast 
charges,  but  the  reverse  trend  occurs 
in  the  region  of  cold  pressed  charges. 

The  reversal  occurs  in  the  region  of  hot 
pressed  charges  which  bridges  the  cold- 
pressed,  permeable  charges  and  the  cast, 
impermeable  ones.  The  reversal  is  associ¬ 
ated  with  the  effect  of  permeability  on 
the  process  of  initiating  detonation. 

It  is  proposed  that  any  charge  will 
exhibit  a  critical  curve  in  the  pressure¬ 
time  plane  and  that  such  a  curve  will 


start  at  a  point  corresponding  to  the 
detonation  pressure  and  reaction  time 
at  dc*  The  limit  curve  will  then  run 
through  a  continuum  of  (P,t)  values 
corresponding  to  the  various  gap,  booster, 
wedge,  and  projectile  test  values  for 
sensitivity.  In  an  example  for  pressed 
TNT  at  p0  =  1.62  g/cc.  Pi  from  the  LSGT 
fell  on  such  a  curve  computed  from  a 
critical  energy  of  initiation;  the  energy 
was  evaluated  from  data  obtained  at  dc* 

This  example  supports  the  proposed  model 
in  which  the  transient  initiation  phenom¬ 
ena  occur  within  the  reaction  zone  at  the 
threshold  of  steady  state  propagation. 

It  also  supports  the  concept  of  critical 
energy  for  initiation  of  detonation. 

Further  tests  of  both  concepts  should 
be  made  with  improved  data. 
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SHOCK  SENSITIVITY  AND  SHOCK  HUGONIOTS 
OF  HIGH-DENSITY  GRANULAR  EXPLOSIVES* 


Julius  Roth 

Stanford  Research  Institute 
Menlo  Park,  California 


Shock  initiation  thresholds  and  shock  Hugoniots  have  been  obtained  for  five 
granular  explosives  at  initial  loading  densities  of  about  0.8  to  0.9  of  void¬ 
less  density.  These  data  were  obtained  at  ambient  temperature  and  at  least 
one  elevated  temperature.  All  five  explosives  were  examined  in  divergent 
shock  geometry  (gap  test).  Two  of  the  five,  HNS  and  PBX  9404,  were  also  sub¬ 
jected  to  plane-wave  shocks.  HNS,  NONA,  RDX,  AND  PETN  were  found  to  be  more 
shock  sensitive  at  elevated  temperature  than  at  room  temperature.  PBX  9404 
exhibits  the  same  shock  sensitivity  at  25°  and  150°C  for  divergent  shocks 
(gap  test),  but  when  subjected  to  planar  shocks  it  is  more  sensitive  at  the 
higher  temperature.  Shock  pressure  vs  explosive  thickness  curves  obtained 
with  pressure  transducers  mounted  on  thin  wafers  of  test  explosive  indicate 
that  chemical  reactions  leading  to  Initiation  cannot  occur  solely  at  the 
shock  front.  On  the  other  hand  a  few  of  the  shock  Hugoniots  suggest  some 
degree  of  reaction  near  the  shock  front.  The  implications  of  these  appar¬ 
ently  contradictory  effects,  as  well  as  the  effects  of  preheating  and 
packing  density,  have  been  used  to  suggest  a  model  of  the  initiation 
process . 


INTRODUCTION 

This  study  examines  the  shock  sensitivity 
of  unconfined  granular  explosives  pressed  into 
pellets  having  a  packing  density  of  around  80  to 
90%  of  voidless  density.  In  all  cases  the  ini¬ 
tiating  shock  is  produced  by  a  donor  explosive 
charge  and  enters  the  test  explosive  through  an 
inert  barrier.  The  main  experimental  determi¬ 
nations  are  the  shock  amplitude  required  to 
produce  50%  initiations  of  the  test  explosive 
when  the  entering  shock  is  divergent,  and  the 
variation  of  the  distance  from  the  shock  entry 
face  to  the  point  at  which  steady  detonation 
first  occurs  as  a  function  of  the  amplitude  of 
the  input  shock. 

An  understanding  of  the  behavior  of  shock- 
loaded  explosives  is  of  fundamental  importance 
for  the  safe  use  and  proper  design  of  explosive 
devices.  Shock  initiation  is  also  a  great  chal¬ 
lenge  to  the  theoretician  who  is  attempting  to 
develop  models  of  the  initiation  process.  Con¬ 
sequently  it  is  not  surprising  that  the  shock 
initiation  of  explosives  has  been  the  subject 
of  numerous  investigations.  References  parti¬ 
cularly  pertinent  to  the  present  study  are  Refs. 
(1-6).  In  spite  of  all  this  effort  the  mech¬ 
anism  of  the  shock  initiation  of  granular  explo¬ 
sives  remains  unclear.  A  systematic  study  of 

*  Most  of  this  work  was  sponsored  by  the  Sandia 
Corporation.  The  preliminary  study  of  particle 
siae  effects  was  sponsored  by  the  Honeywell 
Corporation. 


the  many  factors  controlling  shock  initiation 
should  contribute  greatly  to  elucidating  the 
shock  initiation  mechanism.  It  is  hoped  that 
the  present  investigation  is  a  start  in  that 
direction. 

List  of  Symbols 

c  =  sound  velocity  in  unshocked  explosive 
pellet 

D  =  detonation  velocity 

h  =  thickness  of  unshocked  explosive  pellet 
PQ  ■  pressure  in  the  explosive  at  the  explosive 
barrier  interface 

tg  =  time  of  shock  travel  through  inert  barrier 
(see  Fig.  1) 

tt  =  time  from  pin  signal  to  shocked  air-gap 
flash  signal  (see  Fig.  1) 

T0  =  temperature  of  unshocked  explosive  pellet 
u  =  particle  velocity  in  the  explosive  at  the 
explosive/barrier  interface 
U0  =  shock  velocity  in  the  explosive  at  the 
explosive/barrier  interface 
V  =  specific  volume  in  the  explosive  at  the 
explosive/barrier  interface 
x^  =  distance  from  explosive/barrier  interface 
at  which  steady  detonation  begins 
PQ  =  density  of  unshocked  explosive  pellet 

EXPERIMENTAL  TECHNIQUES 
Apparatus  and  Procedures 

A  quantitative  shock  initiation  experiment 
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requires  the  generation  of  a  controlled  shock  in 
the  test  explosive  and  the  observation  of  the 
effects  of  this  shock.  The  input  shock  may  be 
divergent  (gap  test)  or  plane  wave  (wedge  shot). 
A  schematic  diagram  of  the  gap  test  is  shown  in 
Fig.  1.  Reproducible  PBX  9404  donor  charges  are 


WITNESS 


TA- 334522- I 


FIG.  1  SCHEMATIC  CROSS  SECTION  OF  THE  GAP  TEST 

used  and  shock  amplitude  is  varied  by  varying 
the  barrier  length.  A  steel  witness  plate  is 
used  to  determine  whether  the  trial  was  a  shot 
or  a  failure.  Additionally  a  photocell  views 
a  thin  air  gap  at  the  end  of  the  text  explosive. 
If  the  test  explosive  detonates  it  compresses 
air  in  the  air  gap  to  produce  a  bright  flash 
which  the  photocell  records.  As  shown  in  Fig. 

1  this  arrangement  enables  us  to  obtain  the  time 
tt  for  every  ’’go”  trial.  Data  for  obtaining 
the  50%  initiation  threshold  were  gathered  in 
the  Bruceton  manner  (7). 

In  several  test  series  we  desired  to  deter¬ 
mine  the  effect  of  preheating  the  explosive 
sample.  In  these  series  the  sample  attached  to 
the  witness  plate  was  heated  in  a  temperature- 
controlled  hot  air  stream  and  then  quickly 
brought  up  against  the  room  temperature  donor/ 
barrier  system  by  remote  means.  These  shots 
were  fired  within  10  sec  of  the  preheated  sam¬ 
ple  leaving  the  hot  air  stream.  In  other  test 
series  we  wished  to  determine  the  shock  transit 
time  through  thin  wafers  of  test  explosive.  For 
these  the  witness  plate  was  replaced  by  a  pres 
sure  transducer  acting  as  a  time-of-arrival  gage. 
Usually  these  gages  were  quartz  and  occasionally 
manganin.  These  data  give  an  average  shock 
velocity  U  through  the  explosive.  U  “♦  Uo  if  the 
explosive  is  thin. 

Figure  2  illustrates  the  procedure  used  and 
the  results  obtained  in  plane-wave  wedge  shots. 
These  shots  were  designed  and  many  of  them  fired 
and  analyzed  by  J.  H.  Blackburn,  formerly  of  our 
laboratories.  Preheating  of  the  sample,  if  de¬ 
sired,  was  obtained  by  a  small  electric  oven 
built  into  the  shot.  The  explosive  drivers 
were  a  P-80  plane-wave  lens  and,  depending  on 
the  input  pressure  desired,  1-inch- thick  cylin¬ 
ders  of  loose  TNT,  RDX,  or  Baratol  pads.  All 
shots  were  illuminated  with  an  argon  flash  bomb. 


FIG.  2  STREAK  CAMERA  RECORD  FROM  WEDGE  SHOT. 

Schematic  drawing  shows  relationship 
between  wedge  geometry  and  camera 
record . 

Explosives 

Properties  of  the  explosive  pellets  used 
in  this  study  and  the  initial  conditions  of  the 
tests  to  which  they  were  subjected  are  described 
in  Table  1.  The  explosives  used  and  their  par¬ 
ticle  size  distributions  as  determined  with  a 
Fischer  Subsieve  Sizer  are  given  in  Table  2. 
Explosive  pellets  were  made  by  pressing  loose 
powder  in  a  die,  without  the  addition  of  any 
binder  material  (except  for  PBX  9404  pellets 
which  were  obtained  in  pellet  form  from  Mason- 
Hanger  Corp.)  Wedges  for  plane-wave  shots  were 
machined  (remotely)  from  cylindrical  pressings. 


TABLE  1 


Initial  Conditions  of  Explosive  Pellets 


Explosive 

Po 

(g/ cc) 

To 

(°C) 

co 

(mm/p,sec) 

Designation 
for  Tables 

RDX  (A) 

1.64 

25 

2.80 

I 

RDX  (A) 

1.58 

180 

2.45 

I-H 

RDX  (B) 

1.54 

25 

2.3 

I-B 

RDX  (C) 

1.54 

25 

1.0 

I-C 

RDX  (D) 

1.54 

25 

1.4 

I-D 

PETN 

1.59 

25 

2.45 

II 

PETN 

1.55 

110 

2.  25 

II-H 

HNS 

1.57 

25 

1.00 

III 

HNS 

1.38 

25 

- 

III-A 

HNS 

1.46 

260 

1 1  I-H 

NONA 

1.60 

25 

1.00 

IV 

1.49 

250 

— 

IV-H 

PBX  9404 

1.84 

25 

2.60 

V 

PBX  9404 

1.77 

150 

- 

V-H 
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TABLE  2 


Chemical  Names  and  Particle  Size  Distribution  of  Explosives  Used 


Explosive 

Chemical  Name 

Average  Particle  Size 
(H) 

Average 

Specific  Surface  (cm2/g) 

Powder 

Pellet 

Powder 

Pellet 

RDX  (A) 

Cyclotrimethylene- 

-25 

17 

— 

1970 

RDX  (B) 

trini tramine 

8 

5 

4520 

5800  (5100-6500) 

RDX  (C) 

i 

54 

18 

601 

1800  (1450-2160) 

RDX  (D) 

330 

60 

100 

550  (400-790) 

PETN 

Pentaerythri tol- 
tetranitrate 

10  x  100 

— 

3350 

— 

HNS 

Hexanitrostilbene 

15 

— 

2700 

— 

NONA 

Nonanitroterphenyl 

%30 

— 

— 

— 

PBX9404 

94/3/3  Cyclotetra- 
methylene  tetranitra- 
mine/ni trocellulose/ 
binder 

"coarse" 

Details  of  test  techniques  as  well  as  sample 
preparation  are  given  in  Refs.  (8,9). 

RESULTS 

Shock  Hugoniots 

A  quantitative  treatment  of  the  initiation 
of  explosives  by  shocks  introduced  into  the  ex¬ 
plosive  through  an  inert  barrier  requires  the  use 
of  the  shock  Hugoniots  of  the  barrier  and  the  ex¬ 
plosive.  In  our  work  the  barriers  were  poly¬ 
methylmethacrylate  (PMMA)  in  the  gap  test  and 
brass  in  the  wedge  shots.  The  shock  Hugoniots  of 
both  of  these  materials  are  well  known.  The 
shock  Hugoniots  of  our  test  explosives  were  un¬ 
known  and  had  to  be  determined.  Before  present¬ 
ing  our  shock  Hugoniot  data,  it  must  be  pointed 
out  that  defining  shock  parameters  for  hetero¬ 
geneous  pellets  consisting  of  explosive  granules 
and  air  pockets  present  conceptual  difficulties. 

At  best  the  shock  Hugoniots  for  such  materials 
are  useful  only  for  describing  the  gross  hydro- 
dynamic  behavior  of  granular  explosives.  It  can¬ 
not  be  expected  that  the  methods  of  continuum  hy¬ 
drodynamics  applied  to  discontinuous  media  will 
yield  any  information  on  the  fine  structure  of 
the  state  variables  of  the  shocked  explosive. 
Moreover,  chemical  reaction  in  or  near  the  shock 
front  can  cause  additional  complications.  Never¬ 
theless,  without  further  apology,  we  will  use 
these  macroscopic  Hugoniots  not  only  in  establish¬ 
ing  quantitative  shock  initiation  thresholds  but 
also  for  detecting  the  presence  of  chemical  re¬ 
action  at  or  near  the  shock  front. 

To  construct  shock  Hugoniots  one  needs  to 
determine  any  two  of  the  state  variables  P,  V, 

U,  and  u.  Usually  it  is  convenient  to  measure  U. 
For  wedge  shots  the  only  other  measurement  re¬ 
quired  is  the  brass  free-surface  velocity.  Using 
the  known  Hugoniot  for  brass  and  the  impedance 
mismatch  method  one  then  obtains  all  the  other 
state  variables.  For  gap  test  geometry  one  needs 
a  calibration  curve  which  gives  the  pressure  in 
the  PMMA  barrier  as  function  of  barrier  thickness. 


For  the  system  shown  in  Fig.  1  optical  measure¬ 
ments  of  U  and  u,  or  pressure  transducer  meas¬ 
urements  of  P,  at  the  end  of  barrier  are  well 
represented  by  the  following  polynomial  fit: 

P  =  227.1  -  28.421  +  1.246^  -  0.01840je3  (1) 

where  l  is  the  thickness  of  the  barrier  in  mm, 
and  P  is  in  kilobars.  The  standard  error  for 
this  fit  is  ±  0.88  kbars,  and  the  region  over 
which  data  were  obtained  is  for  6  mm  ^  ^  25 

mm.  These  same  data  also  give  tg  ,  the  shock 
transit  time  through  the  barrier,  as  a  function 
of  i.  A  good  fit  for  this  transit  time  in 
microseconds  is 

i  =  8.41(1  -  e~°’424tB)  +  2 . 71 tB  (2) 

The  usual  equations  for  constructing  Hugoniot 
curves  hold  rigorously  only  for  plane-wave 
shocks.  Optical  observations  indicate  the 
shock  on-axis  of  the  PMMA  barrier  is  nearly 
planar.  Thus  the  use  of  our  gap-test  geometry 
to  obtain  Hugoniot  data  is  justified. 

Wherever  possible  we  will  summarize  our 
Hugoniot  data  in  the  convenient  form  of 

U  =  A  +  Bu  (3) 

o 

where  A  and  B  are  constants.  Least-square  fits 
to  this  equation  are  shown  in  Table  3.  Ideally 
the  constant  A  should  be  cQ,  the  sound  velocity 
through  the  sample.  Comparison  of  Tables  3  and 
1  shows  that  A  =“  cQ  only  for  HNS,  NONA,  and  PBX 
9404.  RDX  and  PETN  data  cannot  be  fitted  by  a 
single  straight  line;  the  break  in  the  linear 
fit  is  presumably  a  manifestation  of  chemical 
reaction  in  the  shock  front.  For  these  explo¬ 
sives  cQ  >  A  even  for  the  linear  fit  at  small  u 
With  the  exception  of  PBX  9404,  pre-heated  ex¬ 
plosives  appear  to  exhibit  some  chemical  re¬ 
action  even  at  low  shock  levels  (A  is  negative 
for  hot  PETN,  suggesting  that  B  is  considerably 
smaller  at  lower  u  than  shown  in  Table  3.)  The 
data  for  pre-heated  HNS  and  1.54  g/cc  RDX  could 
not  be  fitted  to  the  linear  form  of  Eq .  3  and 
are  shown  separately  in  Table  4. 
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TABLE  3 

Explosives  Hugoniot  Data  in  the  Form  of  U0  =  A  +  Bu 


Explosive 
(See  Table  1) 

* 

Uo 

Ornn/jisec  ) 

u  Validity  Range 
(mm./iisec) 

III 

1.00  ±  0.05  +  (3.21  ±  0. 10)u 

0.00  -  0.68 

IV 

1.00  ±0.05  +  (3.21  ±  0. 10)u 

0.00  -  0.51 

III-A 

0.61  ±  0.29  +  (2.77  ±  1.09)u 

0.30  -  0.50 

V 

2.45  ±0.21  +  (2.48  ±  0. ll)u** 

0.00  -  1.45 

V-H 

1.85  ±  0.54  +  (3.47  ±  0.81)u 

0.00  -  0.77 

I 

1.93  ±  0.05  +  (0.666  ±  0.168)u 

0.11  -  0.35 

I 

0.70  ±  0.18  +  (4.11  ±  0. 37)u 

0.35  -  0.47 

I-H 

0.71  ±  0.24  +  (4.22  +  0.42)u 

0.25  -  0.32 

II 

1.33  ±  0.08  +  (2.18  ±  0. 27)u 

0.03  -  0.37 

II 

0.64  ±  0.23  +  (4.19  ±  0.61)u 

0.29  -  0.48 

II-H 

-  0.59  ±  0.46  +  (8.66  ±  1.74)u 

0.24  -  0.29 

*  ±  values  are  twice  the  standard  deviation. 

**  Private  communication  from  J.  B.  Ramsay  of  LASL;  the  five  data  points 


we  obtained  agree  closely  with  this  fit. 


TABLE  4 

Hugoniot  Data sf or  HNS  and  RDX 


Explosive 
(See  Table  1 ) 

Po 

(kbar) 

U0 

( mm/^isec) 

u 

(mm/M-sec) 

V 

(cc/g) 

1 1  I-H 

11.9 

2.16 

0.368 

0.560 

III  H 

13.4 

2.21 

0.417 

0.548 

III-H 

14.0 

2.25 

0.420 

0.552 

1 1  I-H 

32.0 

4.00 

0.540 

0.586 

III-H 

52 

5.2 

0.68 

0.59 

I-D 

6.6 

1.70 

0.250 

0.553 

I-C 

7.9 

1.75 

0.292 

0.538 

I-C 

9.0 

1.73 

0.335 

0.523 

I-B 

9.2 

1.90 

0.323 

0.541 

I-D 

10.9 

1.92 

0.377 

0.522 

I-C 

11.0 

1.90 

0.380 

0.521 

I-D 

11.0 

1.93 

0.375 

0.523 

I-B 

11.1 

1.88 

0.380 

0.518 

I-B 

17.0 

2.39 

0.475 

0.522 

I-B 

17.4 

2.38 

0.483 

0.517 

I-C 

18.1 

-2.4 

0.486 

-0.52 

I-B 

22.7 

2.80 

0.586 

0.528 

It  is  noteworthy  that  all  the  RDX  data  of  Table  4 
can  be  plotted  on  one  P-u  or  even  one  P-V  curve. 
Thus  the  particle  size  of  the  RDX  does  not  appear 
to  affect  its  gross  hydrodynamic  behavior.  This 
is  in  contrast  to  the  data  shown  in  Table  1  which 
indicate  that  sound  velocities  in  RDX  are  influ¬ 
enced  by  the  RDX  particle  size. 

Initiation  Thresholds 

The  raw  data  for  determining  the  shock  ampli¬ 
tudes  for  50%  initiation  of  the  test  explosive 
are  the  barrier  thicknesses  for  which  1/2  the 
trials  ^re  shots  and  1/2  are  failures.  With  Eq.l 
and  the  Hugoniot  data  of  Table  3  or  4  these 
barrier  thicknesses  are  converted  into  pressure 
in  the  explosive  at  the  barrier/acceptor  inter¬ 
face.  These  initiation  threshold  pressures  are 


shown  in  the  second  column  of  Table  5.  Since 
these  data  include  the  effects  of  pre-heating, 
packing  density,  and  particle  size  of  the  explo¬ 
sive,  we  will  briefly  comment  on  each  of  these 
effects . 

The  bar  graphs  of  Fig.  3  show  that  pre¬ 
heating  reduces  the  threshold  pressure  in  four 
of  the  five  explosives  studied.  The  case  of 
PBX  9404  which  shows  no  sensitization  due  to 
pre-heating  will  be  considered  later.  Kilmer  (10) 
also  observed  that  pre-heating  sensitizes  explo¬ 
sives  to  shock. 


70 


PETN  RDX  NONA  HNS  9404 
110°  180°  250°  260°  150° 


TEMPERATURE - °C 

TA-334522-3 

FIG.  3  SHOCK  SENSITIVITY  OF  FIVE  EXPLOSIVES 
50%  thresholds  are  given  as  pressures 
in  the  explosive  at  the  barrier/explo¬ 
sive  interface.  Dark-colored  bars  are 
for  25°C  and  light-colored  bars  are 
for  the  temperatures  shown. 
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TABLE  5  B 

50 $  Initiation  Threshold  and  Initiation  Distance  as  =  AP0 


Explosive 
(See  Table  1) 

50$  Threshold 

Fit  Constants 

Data 

Points 

Maximum  Deviation 

of  Data  from  Fit 
<*> 

Po 

(kbar] 

(mm) 

A 

B 

Po 

(kbar) 

II 

9.1 

8.5 

6.13xl02 

-2.05 

9.1-34.0 

14 

-16  to  +  29 

II-H 

6.7 

8.0 

3.39x10s 

-5.68 

6. 7-7. 2 

6 

-10  to  +  16 

I 

15.2 

7.6 

6. 94xl03 

-2.52 

15.2-29.5 

17 

-18  to  +  26 

I-H 

7.8 

9.3 

1. 87xl03 

-2.73 

7.8-12.2 

7 

-14  to  +  21 

I-B 

15.0 

9.5 

1. 72xl04 

-2.87 

15.0-31.2 

5 

-18  to  +  32 

I-C 

8.8 

6.5 

4.75X101 

0.969 

9.1-31.1 

7 

-20  to  +  12 

I-D 

9.0 

12.5* 

3.65X101 

0.637 

9.1-30.4 

12 

-23  to  +  41 

III 

23.2 

7.5 

1. 27xl03 

-1.69 

23.2-140 

11 

-15  to  +  27 

III** 

~19 

5.6 

1.09x10s 

-3.24 

21.5-32.0 

4 

±  2 

1 1  I-H 

13.2 

11.0 

2. 07xl04 

-3.01 

13.2-22.2 

11 

-16  to  +  43 

I I I-H** 

~9 

7.4 

1. 18xl02 

-1.27 

11.5-52.2 

6 

-16  to  +  43 

I I I-H**  and 

III-A*** 

7.4 

1. 65xl02 

-1.38 

9.4-52.5 

10 

-18  to  +  32 

IV 

~19.5 

6.3 

6. 14xl04 

-3.09 

20.2-22.5 

7 

-15  to  +  17 

IV-H 

8.8 

10.0 

7 . 73xl06 

-6.32 

8.8-9. 2 

6 

-24  to  +  41 

V  and  V-H 

64.5 

10.5* 

1. 58x10s 

-4.01 

64.5-119 

12 

-42  to  +  24 

v** 

~15 

20.2 

3.58xl03 

-1.73 

18-159 

23  f 

-30  to  +  21 

V-H** 

«15 

8.7 

4. 95xl03 

-1.92 

28-59 

6 

±  3 

♦  Two  pellets  of  12.7  of  12.7  mm  height  stacked  together. 

**  Plane  wave  experiments;  threshold  is  assumed  to  be  P0  at  which  becomes  very  large  and  x  value 
shown  is  the  highest  observed, 
t  All  but  5  of  these  data  points  are  from  Ref.  (4). 


HNS  and  RDX  are  more  shock  sensitive  at  the 
lower  packing  densities  than  at  higher  packing 
densities.  The  same  packing  density  effect  has 
been  reported  by  Price  et  al.(l)  for  a  number  of 
explosives . 

Since  pre-heating  reduces  the  packing  density, 
one  should  consider  whether  the  sensitizing  action 
of  pre-heating  is  primarily  a  packing  density 
effect.  Figure  4  shows  that  HNS  at  the  higher 
pre-heat  temperatures  is  appreciably  more  shock 
sensitive  than  would  be  expected  solely  on  the 
basis  of  reduced  packing  density.  Our  observa¬ 
tions  on  RDX  also  lead  to  the  conclusion  that  pre¬ 
heating  per  se  sensitizes  explosives. 


FIG.  4  EFFECT  OF  INITIAL  DENSITY  AND  INITIAL 

TEMPERATURE  ON  THE  50%  THRESHOLD  OF  HNS 


Seely  (11)  has  observed  a  curious  effect  of 
particle  size  on  the  shock  sensitivity  of  tetryl. 
Coarse  tetryl  was  found  to  have  a  lower  initia¬ 
tion  threshold  than  fine  tetryl.  Our  results 
(Tables  5  and  2)  show  that  RDX  behaves  similarly. 
A  very  fine-grain  RDX  is  less  sensitive  than  a 
very  coarse  or  an  intermediate  grain  size  which 
are  about  equally  sensitive.  Our  comparison 
was  made  at  pQ  =  1.54  g/cc.  This  packing  density 
represents  a  compromise  between  pellets  of 
sufficient  physical  strength  for  handling  and 
pellets  in  which  grain  crushing  is  not  too  ex¬ 
cessive  during  pellet  preparation. 

Initiation  Distance 

The  distance  from  the  shock  entry  face  to 
the  appearance  of  steady  detonation  is  an  im¬ 
portant  parameter  in  the  study  of  shock  initia¬ 
tions.  Figure  2  shows  that  this  distance  is 
obtained  directly  from  a  wedge  shot  record.  Our 
instrumented  gap  test  will  also  provide  initia¬ 
tion  distance  data  as  shown  schematically  in 
Fig.  5  if  the  assumption  is  made  that  a  steady 
shock  velocity  changes  abruptly  into  a  steady 
detonation  velocity.  This  assumption  is  justified 
by  most  wedge  shot  observations,  e.g.,  that  of 
Fig.  2,  except  in  cases  where  is  small.  Ini¬ 
tiation  distance  data  are  difficult  to  present. 
Following  the  suggestion  of  Ramsay  and  Popolato 
(4)  we  have  fitted  our  data  to  an  equation  of 
the  form; 

x,  -  AP  (4) 

1  o 
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FIG.  5  SCHEMATIC  REPRESENTATION  OF  METHOD  OF 
OBTAINING  INITIATION  DISTANCE,  x±  , 

IN  GAP  TEST 

but  with  indifferent  success  as  shown  in  Table  5. 
Most  of  deviation  of  observed  from  xi  computed 
by  Eq.  4  occurs  near  the  initiation  threshold. 
Consequently  in  Table  5  we  have  also  listed  the 
observed  values  nearest  to  the  initiation 
threshold.  The  x^  -  PQ  data  of  Table  5  may  be 
used  as  a  supplementary  measure  of  the  shock 
sensitivity  of  an  explosive.  Thus  explosive  A 
is  more  ’’sensitive"  than  explosive  B  if  (x^)^ 
(xi)B  at  a  fixed  PQ.  However,  this  criterion 
of  shock  sensitivity  should  be  used  with  caution 
since  we  have  observed  crossovers  for  x^  vs  PQ 
plots.  Because  it  is  difficult  to  draw  conclu¬ 
sions  about  the  results  shown  in  Table  5  with¬ 
out  actually  plotting  x±  vs  PQ  curves,  a  quali¬ 
tative  summary  of  these  data  is  presented  below: 

1.  At  "large"  values  of  PQ,  the  x±  values  for 
a  given  explosive  of  a  given  particle  size  appear 
to  be  independent  of  initial  conditions,  i.e., 

Po,  T0,  or  whether  the  shock  is  plane  or  diver¬ 
gent.  For  a  "sensitive"  explosive  like  PETN 
"large"  means  PQ  ^  20  kbar.  For  an  insensitive 
material  like  PBX  9404  "large"  means  PQ  ^  70  kbar. 

2.  Preliminary  results  with  RDX  pellets  of 
different  particle  sizes  indicate  cross-overs  of 
xi  vs  PQ  plots.  The  coarsest  grade  (Type  D, 

Table  2)  in  particular  exhibits  a  much  slower 
decrease  of  x^  with  increasing  PQ  than  the 
other  grades. 

3.  At  low  PQ  the  Xi  values  change  very 
abruptly  with  changes  in  PQ  in  the  gap  test  and 
less  abruptly  in  the  plane-wave  shots.  However, 
it  is  still  possible  to  estimate  a  low-pressure 
asymptote  for  the  latter. 

Pressure-Distance  Data 

In  a  preceding  section  we  mentioned  the  use 
of  pressure  transducers  as  time-of-arrival  gages 
for  shocks  through  thin  explosive  wafers.  These 
experiments  provide  not  only  U  but  also  the 
pressure  in  the  explosive  at  the  explosive/ 
transducer  interface.  By  varying  the  thickness 


FIG.  6  PRESSURE-DISTANCE  HISTORY  IN 
1.59  g/cc  PETN 

h  of  the  explosive  wafer  this  technique  can  be 
employed  to  obtain  pressure-distance  histories 
in  shocked  explosives.  Figure  6,  which  gives 
the  pressure-distance  history  in  1.59  g/cc  PETN, 
illustrates  the  results  obtained.  The  pressure 
at  h  =  0  is  PQ.  The  pressures  at  h  >  0  are  the 
observed  peak  pressures  in  the  transducer  con¬ 
verted  into  pressures  in  the  explosive  at  the 
explosive/transducer  interface.  The  bottom 
curve  of  Fig.  6,  for  which  the  threshold 
p50%  >  po,  shows  continuous  pressure  decay  with 
increasing  h.  Note  that  the  early  portion  of 
this  decay  is  indistinguishable  from  that  ob¬ 
served  with  an  inert  (N^^SC^  wafer.  The 
curve  with  PQ  =  P50%  parallels  the  bottom  curve 
for  h  <4  mm,  but  for  h  >  5  mm  the  pressure 
begins  to  increase  although  it  is  still  below 
PQ.  Beyond  the  data  point  at  h  =6.3  mm,  the 
curve  is  drawn  to  approach  asymptotically  the 
5ci  for  PG  =  9.1  kbar  (Table  5).  The  initial 
slope  of  the  curve  for  P0  =  11.8  kbar  is  esti¬ 
mated  to  be  steeper  than  the  slope  for  the  PMMA 
barrier  of  the  same  initial  pressure  and  about 
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equivalent  to  the  slope  for  (NH^gSC^  at  a 
slightly  higher  initial  pressure.  The  curve  for 
PQ  *  14.6  kbar  shows  little  or  no  pressure  decay. 
Note,  however,  that  the  times  of  arrival  for  the 
four  data  points  of  this  curve,  including  the 
wafer  that  detonated,  lead  to  the  same  U.  This 
suggests  that  the  first  pressure  pulse  through 
all  four  wafers  is  a  nonreactive  or  weakly  re¬ 
active  shock,  and  that  additional  pressure  pulses 
were  generated  by  reactions  somewhere  behind  the 
shock  front.  Pressure-distance  curves  obtained 
for  RDX  and  HNS  show  trends  similar  to  those  ob¬ 
served  for  PETN. 

A  preliminary  test  in  which  PBX  9404  wafers 
with  manganin  transducers  were  subjected  to  a 
planar  shock  also  suggests  a  delayed  reaction  in 
the  explosive.  The  record  for  a  1-mm- thick  wafer 
shows  an  initial  pressure  rise  of  about  70  kbar, 
which  is  the  expected  PQ  for  the  particular 
driver  used  if  there  is  no  reaction  in  the  PBX 
9404.  This  initial  pulse  is  almost  immediately 
followed  by  an  additional  pressure  rise  that 
reaches  a  peak  of  about  3Pq/2  in  about  0.3  /Jsec, 
Although  the  initial  part  of  the  pressure  record 
for  a  2-mm-thick  wafer  was  lost,  the  peak  pres¬ 
sure  for  this  wafer  was  about  2P0  and  the  peak  was 
followed  by  a  rapid  decay.  A  4-mm- thick  wafer  in 
this  same  shot  detonated  as  determined  from  pres¬ 
sure  and  streak  camera  records.  Its  peak  pressure 
was  about  350  kbar.  Unfortunately  the  early  por¬ 
tion  of  this  pressure  record  was  again  obscured. 

In  most  of  our  pressure  measurements  for  diver¬ 
gent  gap  test  shots  we  also  observed  "hesitations” 
in  those  pressure-time  records  for  which  the  peak 
pressure  exceeded  PQ.  Often,  though  not  always, 
this  "hesitation"  occurred  at  pressure  levels 
about  equal  to  PQ. 

DISCUSSION 

There  is  quite  general  agreement  that  the 
shock  initiation  of  explosives  is  basically  a 
thermal  process.  Campbell  et  al.  (5)  have  demon¬ 
strated  satisfactory  agreement  between  observed 
initiation  delays  in  shocked  liquid  nitromethane 
and  delays  calculated  on  the  basis  of  thermal 
explosion  theory  using  the  "low"-temperature 
kinetic  parameters  for  nitromethane.  The  start¬ 
ing  temperature  for  thermal  explosion  was  shown 
to  be  adequately  represented  by 

T  =  T  +  At  =  T  +  u2/2c  (5) 

O  O  V 

with  the  specific  heat,  c  ,  assumed  to  be  con¬ 
stant.  The  above  method  of  calculating  AT  for 
porous  solids  is  fairly  inaccurate  and  gives 
only  an  upper  limit  estimate.  Nevertheless  it 
is  instructive  to  make  this  simple  calculation 
for  shocks  known  to  initiate  porous  solid  explo¬ 
sives.  Consider  for  example  the  data  for  RDX 
given  in  Table  4.  For  PQ  =  17  kbar,  which  is 
above  the  initiation  threshold  of  all  the  grades 
of  RDX  tested,  u  =  0.522  mm/psec,  which  gives  an 
upper  limit  AT  =  110°C  and  Tmax  =  A  T  +  TQ  = 
135°C.  RDX  is  quite  stable  at  135°C.  Thus  it 
is  obvious  that  shock  energies  known  to  initiate 
RDX  cannot  produce  sufficient  bulk  heating  of  the 
RDX  pellet  to  cause  even  slow  decomposition.  The 
above  example  is  typical  of  all  the  solid  explo¬ 
sive  compacts  that  we  have  studied.  Clearly  the 


input  shock  in  these  materials  must  produce 
localized  regions  of  high  temperature  at  which 
chemical  reactions  can  proceed  rapidly.  How 
such  hot  spots  are  produced  and  how  chemical 
decomposition  at  the  hot  spot  sites  leads  to 
initiation  of  detonation  is  still  a  controversial 
question  which  the  writer  will  now  consider  in 
terms  of  his  own  prejudices. 

Although  we  have  just  shown  that  the  level  of 
homogeneous  shock  heating  in  a  porous  explosive 
is  much  too  small  for  any  thermal  initiation 
process,  it  is  still  tempting  to  try  to  relate 
the  input  shock  energy  to  the  occurrence  and 
magnitude  of  localized  hot  spots.  For  a  fixed 
test  geometry  one  might  expect  the  formation  of 
hot  spots  to  control  the  level  of  the  initiation 
threshold  and  since  Hugoniot  energy  is  propor¬ 
tional  to  u2  we  might  examine  whether  defining  an 
initiation  threshold  in  terms  of  a  critical  parti¬ 
cle  velocity  uc  (or  uc2) ,  rather  than  the  custom¬ 
ary  po»  presents  any  advantages.  This  is  done  in 
Table  6,  using  our  data  as  well  as  data  from  N0L 
and  LASL.  It  is  apparent  from  these  results  that 

TABLE  6 


Critical  Particle  Velocity 


Explosive 

Po 

(g/cc) 

Test 

Initiation  Threshold* 

Po 

(kbar) 

u 

c 

(mm/f-teec) 

RDX 

1.64 

(a)  ** 

15.2 

0.40 

RDX 

1.54 

(a) 

12.5 

0.41 

RDX 

1.63 

(b) 

10.8 

0.31 

RDX 

1.56 

(b) 

8.2 

0.30 

PETN 

1.59 

(a) 

9.1 

0.30 

PETN 

1.00 

(c) 

«  2.5 

^0.3 

HNS 

1.59 

(a) 

~  25 

~  0.56 

HNS 

1.57 

(a) 

23.5 

0.55 

HNS 

1.39 

(a) 

~  16 

~  0.54 

HNS 

1.57 

(d) 

~  17 

~  0.44 

HNS 

1.39 

(d) 

~  9 

~  0.40 

Tetryl 

1.69 

(b) 

~  19.7 

~  0.40 

Tetryl 

1.66 

(b) 

m 

00 

~  0.40 

Tetryl 

1.62 

(b) 

~  13.5 

~  0.35 

Tetryl 

1.54 

(b) 

~  8.6 

~  0.32 

Tetryl 

1.50 

(b) 

8.7 

0.34 

Tetryl 

1.43 

(b) 

7.0 

0.33 

Tetryl 

1.42 

(b) 

6.9 

0.33 

Tetryl 

1.70 

(e) 

~  21 

~  0.41 

Tetryl 

1.60 

(e) 

9.5 

0.30 

Tetryl 

1.50 

(e) 

5.5 

0.27 

Tetryl 

1.40 

(e) 

4.5 

0.27 

Tetryl 

1.30 

(e) 

3.0 

0.26 

*  For  wedge  shots  the  threshold  is  estimated 
from  Xi  vs  PQ  plots. 


**Tests : 

(a)  Gap  tests,  this  paper. 

(b)  NOL’s  "small  scale  gap  test"  (1). 

(c)  Plane-wave  wedge  shots  (12). 

(d)  Plane-wave  wedge  shots,  this  paper. 

(e)  Plane-wave  wedge  shots,  (3). 

a  single  uc  can  represent  initiation  thresholds 
over  an  appreciable  range  of  pQ.  As  expected 
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this  critical  particle  velocity  may  change  with 
test  conditions  such  as  plane-wave  vs  divergent 
shock,  charge  diameter,  confinement,  and  explosive 
particle  size.  Also  uc  increases  as 
PQ  “^Pcrystal*  Nevertheless  it  appears  that  the 
concept  of  a  critical  particle  velocity,  aside 
from  any  theoretical  merits,  simplifies  the  pre¬ 
sentation  of  shock  sensitivity  data. 

In  a  porous  explosive  hot  spots  can  be 
formed  all  along  the  shock  path.  With  suffi¬ 
ciently  strong  shocks,  and/or  sufficiently  re¬ 
active  explosive,  these  hot  spots  can  cause 
localized  chemical  decomposition  rapid  enough  to 
contribute  energy  to  the  shock  and  continuously 
increase  its  intensity.  Such  shock  front  re¬ 
actions  certainly  do  occur  as  evidenced  for 
example  by  P-V  Hugoniots  of  positive  slope  or 
positive  breaks  in  U-u  Hugoniots.  However  near 
the  initiation  threshold,  and  possibly  even  con¬ 
siderably  above  the  threshold,  these  shock  front 
reactions  do  not  appear  to  be  the  controlling 
reactions  for  the  following  reasons: 

1.  The  observed  shock  velocities  are 
steady,  and  change-over  to  detonation  occurs 
rather  abruptly. 

2.  The  observed  peak  pressure,  as  a 
function  of  distance  from  shock  entry  often  drop 
considerably  below  input  levels,  yet  initiation 
is  observed  for  sufficiently  thick  samples. 

3.  The  first  pressure  pulse  through  an  ex¬ 
plosive  wafer  travels  at  a  velocity  characteris¬ 
tic  of  an  "inert"  shock  even  though  the  recorded 
peak  pressure  at  the  end  of  the  wafer  is  greatly 
above  the  input  pressure. 

4.  Pressure  transducer  records  obtained 
with  thin  explosive  wafers  indicate  a  "slow" 
pressure  increase  after  the  abrupt  pressure  rise 
characteristic  of  the  input  shock. 

These  observations  suggest  that  near  the 
initiation  threshold  the  controlling  chemical 
reactions  are  occurring  some  distance  behind  the 
original  shock  front.  A  similar  conclusion  was 
reached  by  Liddiard  and  Jacobs  (2).  It  is  not 
unreasonable  to  expect  that  these  reactions  can 
grow  into  thermal  explosions  that  send  out  new 
pressure  pulses  that  overtake  the  original  shock. 
There  is  an  important  difference  between  this 
point  of  view  and  the  one  suggested  by  Campbell 
et  al.  (5)  for  homogeneous  explosives.  In  heter¬ 
ogeneous  explosives  reactions  are  expected  to 
occur  mostly  in  small  localized  regions,  and 
consequently  only  a  fraction  of  the  total  avail¬ 
able  chemical  energy  is  liberated.  Even  if  the 
shocklets  produced  by  localized  thermal  explo¬ 
sions  coalesce  into  a  new  pressure  wave  that 
catches  up  with  the  original  shock,  this  pressure 
wave  could  still  be  too  weak  to  initiate  steady 
detonation  in  the  unshocked  explosive.  However, 
the  new  pressure  wave  travels  through  a  reacting 
medium  before  it  overtakes  the  original  shock. 
Consequently  it  can  build  up  in  intensity  by 
receiving  energy  all  along  its  travel  path.  Such 
snow-balling '  could  produce  a  shock  intense 
enough  to  initiate  bulk  detonation  in  the  un¬ 
shocked  explosive.  It  is  probably  an  oversimpli¬ 
fication  to  speak  of  a  single  pressure  wave 
generated  at  some  distance  behind  the  shock 


front  and  eventually  overtaking  it.  Considering 
the  heterogeneity  of  the  system  a  whole  spectrum 
of  pressure  waves  seems  to  be  more  plausible 
than  a  single  wave,  at  least  for  conditions 
close  to  the  initiation  threshold.  These  waves 
may  arrive  at  a  transducer  over  a  period  of 
time  because  of  differences  in  the  chemical 
induction  times  for  different  hot  spots  and  also 
because  the  travel  times  from  the  hot  spot  to 
the  transducer  will  vary  with  the  hot  spot  loca¬ 
tion.  Thus  the  transducer  may  be  expected  to 
see  a  more  or  less  continuously  increasing  pres¬ 
sure  rather  than  an  abrupt  pressure  change.  As 
previously  mentioned,  we  have  obtained  this  type 
of  pressure  record  with  manganin  pressure  gages 
on  plane-wave  loaded  PBX  9404.  These  records 
may  also  give  an  indication  of  the  "snow-balling" 
effect  since  the  2-mm-thick  PBX  9404  wafer  shows 
a  higher  peak  pressure  and  a  faster  pressure 
rise  than  the  1-mm- thick  wafer. 

Our  view  of  the  shock  initiation  of  granular 
explosives  bears  considerable  resemblance  to  the 
model  proposed  for  the  shock  initiation  of  homo¬ 
geneous  explosives  (5) .  It  is  interesting  to 
examine  whether  some  of  the  quantitative  deduc¬ 
tions  of  the  homogeneous  initiation  model  are 
also  applicable  to  our  model.  If  we  apply 
simple  geometric  considerations  to  a  space-time 
diagram  similar  to  that  presented  for  homoge¬ 
neous  initiations  (Fig.  8  of  Ref.  (5))  we  obtain 
the  following  expression  of  the  chemical  induc¬ 
tion  time  T 

r  =  sq/OCi  -  U/Dt ]/ [l  -  u/ut]  (6) 

provided  that  we  assume  that  all  velocities  are 
constant  and  that  Ut  represents  some  average 
velocity  of  all  the  combined  shocklets  formed  by 
localized  thermal  explosions.  We  expect  that 
u/Uj.  «  1  so  that  it  is  justifiable  to  neglect 
u/Dt  in  the  denominator  of  Eq .  6.  Our  model 
requires  that  >  U.  The  model  postulates  in¬ 
complete  chemical  reaction  in  the  region  of 
x  <  x^  and  this  suggests  that  D  >  Ut.  Conse¬ 
quently  a  plausible  estimate  for  0/0t  is  J; 
i.e.,  1  >  U/Ut  >  U/D  From  thermal  explo¬ 

sion  theory 

T  =  [t2Rc y/ZEQ ]exp (E/RT )  (7) 

where  Z  and  E  are  the  Arrhenius  parameters  of 
the  explosive  and  Q  is  its  heat  of  reaction. 

For  the  problem  that  we  are  considering  T  repre¬ 
sent  a  hot  spot  temperature  and  for  simplicity 
we  assume  that  it  is  steady  and  does  not  vary 
from  hot  spot  to  hot  spot.  The  data  of  Table  6 
suggest  that  hot  spot  temperature  is  a  function 
of  u.  Consequently  we  assume  that  T  depends  on 
the  input  shock  according  to 

T  =  T0  +  Cu  .  (8) 

where  C  is  a  constant  characteristic  of  the 
explosive.  A  posteriori  we  find  that  the  form 
of  Eq.  8  gives  better  internal  consistency 
than  similar  forms  based  on  PQ  or  U  rather  than 
u.  Also  u  is  a  much  better  choice  than  u2.  We 
can  now  solve  Eq.  6  for  T  using  the  data  of 
Tables  3,  4,  and  5  for  u,  UQ  0,  and  x^,  and 
assuming  that  U/Ut  =  £•  These  values  of  T  are 
then  used  in  Eqs.  7  and  8  to  get  T  and  C.  To 
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normalize  the  data,  the  C*s  are  averaged  and  T  is 
recomputed  by  Eq.  7  using  the  average  C  for  the 
particular  explosive.  The  results  of  these  com¬ 
putations  for  PETN  and  RDX  are  presented  in 
Table  7. 

Obviously  this  treatment  contains  some 
drastic  simplifications.  Nevertheless  the  fairly 
good  agreement  between  T*s  obtained  from  geomet¬ 
ric  considerations  and  T* s  computed  from  thermal 
explosion  theory  is  gratifying  and  supports  the 
plausibility  of  the  suggested  model.  Inciden¬ 
tally  the  choice  of  U/Ut  has  no  other  effect 
than  to  change  the  empirical  constant  C  of  Eq.  8. 
A  small  decrease  in  the  E  used  for  RDX  would 
lead  to  much  better  agreement  between  T's. 

At  present  we  can  offer  no  theoretical 
justification  for  the  apparent  correlation  be¬ 
tween  hot  spot  AT  and  input  u  shown  in  Eq.  8. 
This  simple  relationship  does  not  indicate  any 
particle  size  effect  on  hot  spot  temperature. 

That  such  particle  size  effects  do  exist  is 
suggested  by  the  work  of  Blackburn  and  Seely  (15). 
It  seems  logical  to  attribute  the  observed  de¬ 
crease  in  the  initiation  threshold  of  coarse 
RDX  (Table  5)  and  coarse  Tetryl  (Ref.  (11)  to 
hotter  and  larger  hot  spots  in  coarse-grain  than 
in  fine-grain  materials. 

Now  that  we  have  some  basis  for  expecting 
that  pre-heating  a  granular  explosive  should 
always  sensitize  it  to  a  subsequent  shock,  let 
us  briefly  examine  why  this  expectation  is  not 
realized  with  PBX  9404  (see  Fig.  3).  For  wedge 
shots  with  planar  shocks  we  have  found  (9)  that 
pre-heated  PBX  9404,  as  expected,  is  more  shock 
sensitive  than  room- temperature  PBX  9404.  How¬ 
ever  we  also  found  that  rarefactions  travel 
faster  in  hot  than  in  cold  PBX  9404.  Thus  the 
observed  equivalence  of  gap  test  initiation 
thresholds  for  hot  and  cold  PBX  9404  appears  to 
be  a  trade-off  between  sensitization  by  pre¬ 
heating  and  quenching  by  peripheral  rarefactions. 

TABLE  7 


Test  of  Thermal  Explosion  Model 


Explosive 
(see  Table  1) 

u 

(mm//isec) 

U 

(mm/ /Ltsec) 

Xi/2U* 

(Usee) 

At** 

(°K) 

Tt 

(lisec) 

II 

0.300 

1.70 

2.4 

472 

3.0 

II 

0.328 

2.00 

1.0 

516 

1.1 

II 

0.352 

2.46 

0.75 

553 

0.57 

I I-H 

0.259 

1.66 

2.3 

407 

2.0 

I I-H 

0.268 

1.74 

1.4 

422 

1.4 

I  I-H 

0.284 

1.90 

0.87 

446 

0.87 

I 

0.403 

2.15 

1.7 

475 

2.6 

I 

0.416 

2.27 

1.3 

490 

1.6 

I 

0.440 

2.45 

1.0 

518 

0.67 

I-H 

0.278 

2.84 

1.6 

328 

2.1 

I-H 

0.293 

1.92 

1.0 

345 

1.3 

I-H 

0.311 

2.00 

0.75 

367 

0.67 

♦  See  Eq .  6 

**  A  T  =  Cu  (see  Eq.  8);  for  the  data  shown, 

C  =  1571(1530  to  1604)°K  asec/mm  for  PETN  and 
C  »  1179  (1148  to  1210) °K  usec/mm  for  RDX. 
t  From  Eq . 7  with  T  =  Tq  +  Cu ;  for  PETN  Z  =1013sec_1 
and  E  =  30  x  103  cal/mole  (13)  and  for  RDX  Z  = 
10*5  sec-*  and  E  =  41  x  103  cal/mole  (14). 
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EFFECT  OF  PARTICLE  SIZE  ON  SHOCK  INITIATION  OF 


PETN,  RDX,  AND  TETRYL 
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Silver  Spring,  Maryland 


The  effect  of  particle  size  on  shock  sensitivity  was  deter¬ 
mined  for  PETN,  RDX,  and  tetryl  in  a  modified  small  scale 
gap  test*  Generally,  for  each  explosive,  sensitivity 
increased  with  increasing  particle  size*  The  transmitted 
shock  pressure  over  which  the  study  was  made  ranged  from 
approximately  5.0  to  18.5  kilobars. 


INTRODUCTION 


The  effect  of  particle  size  on 
shock  initiation  of  explosives  has  been 
of  considerable  interest  in  the  attempts 
to  explain  the  mechanisms  of  explosive 
reactions.  In  a  review  of  the  litera¬ 
ture  concerning  shock  sensitivity, 

Eadie  (1)  noted  that  there  was  an  appar¬ 
ent  inconsistency  relative  to  the 
effects  of  particle  size.  Some  investi¬ 
gators  (2)  have  reported  that  shock 
sensitivity  increases  with  decreasing 
particle  size  while  others  (3,4)  infer 
the  opposite  from  their  work. 

Dimmock,  Hampton  and  Starr  (5)  in 
their  study  of  propagation  of  detonation 
between  small  confined  explosive  charges 
found  that  the  sensitivity  of  tetryl  to 
initiation  was  greater  for  smaller 
particle  sizes  than  for  the  less  finely 
divided  explosive .  On  the  other  hand 
Price  and  Liddiard  (6)  indicate  that  at 
atmospheric  pressure,  shock  sensitivity 
increases  with  increasing  particle  size. 

In  the  tests  of  Dimmock,  Hampton 
and  Starr  and  those  of  Price  and  Liddiard 
the  criterion  used  for  a  successful  fire 
was  the  production  of  a  large  dent  or  a 
hole  in  a  steel  plate  on  which  the 
acceptor  charge  rests.  For  such  to 
occur  the  elastic  limit  of  the  steel 
must  be  exceeded.  This  requires  a 
pressure  in  excess  of  100,000  psi.  The 
production  of  such  high  pressures 
requires  vigorous  reaction  in  the  explo¬ 
sive  ;  most  likely  detonation  reactions 
or  reactions  so  vigorous  that  they 
border  on  detonation.  The  nature  of 


these  tests  then  is  such  that  initiation 
will  not  be  detected  unless  the  reaction 
initiated  grows  to  such  an  intensity 
that  the  associated  pressure  can  do 
mechanical  damage  to  a  steel  witness 
pla  te . 

In  all  of  the  above  studies,  inter¬ 
pretation  of  the  results  was  based  on 
determining  a  shock  pressure  just  suf¬ 
ficient  to  initiate  an  acceptor  explo¬ 
sive  to  high  order  detonation  50  percent 
of  the  time*  The  studies  did  not  attempt 
to  investigate  reactions  in  the  acceptor 
explosive  that  did  not  build  to  detona¬ 
tion. 

The  50  percent  point  is  just  one 
of  three  significant  parts  of  the  distri¬ 
bution  curve  representing  an  acceptor 
explosive's  response  to  a  shock.  If 
one  is  interested  in  applying  the  results 
to  reliability  measures,  then  the  values 
approaching  99.9  percent  fires  might  be 
better.  If  one  is  interested  in  safety 
considerations,  values  around  the  0.1 
percent  fire  point  would  be  more  signi¬ 
ficant. 

In  an  investigation  by  Savitt  (7) 
it  was  stated,  "...it  is  possible  to 
differentiate  between  various  levels  of 
TETRYL  growth  reaction  by  observing  the 
depth  of  the  dent  produced  in  the  steel 
block  in  contact  with  the  TETRYL  pro¬ 
vided  that  a  level  of  reaction  below 
that  of  the  high  order  stable  detonation 
is  close  enough  to  the  steel  to  be 
recorded  by  the  dent  produced  in  it. 

An  explosive  system  for  the  observation 
of  the  effect  of  initiation  vigor  upon 
the  growth  of  detonation  in  one  inch 
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long  columns  of  highly  confined  TETRYL 
as  measured  by  the  depth  of  dent  pro¬ 
duced  in  a  steel  block  is  shown...". 

This  report  likewise  deals  with 
varying  the  vigor  of  a  transmitted  shock 
to  an  acceptor  explosive  but  here  the 
idea  was  to  determine  input  conditions 
needed  for  starting  vigorous  reaction 
(burning,  deflagration)  rather  than 
detonation.  Whether  or  not  vigorous 
reaction  occurred  was  decided  on  the 
basis  of  any  production  of  a  dent  on  a 
steel  witness  block  in  contact  with 
the  acceptor  explosive.  Input  stimuli 
were  varied  to  the  point  where  detona¬ 
tion  finally  did  occur  in  the  acceptor 
explosive.  The  experimental  results 
were  plotted  as  the  depth  of  dent  pro¬ 
duced  in  the  steel  block  as  a  function 
of  the  input  stimulus.  Curves  of  the 
type  shown  in  Figure  1  were  thus 
obtained.  By  obtaining  a  number  of 
distribution  curves  of  an  explosive  for 
different  particle  size  ranges,  the 
sensitiveness  of  the  explosive  as  a 
function  of  particle  size  could  be 
compared  for  certain  observed  reactions 
of  the  explosive  column. 


FIG.  1  TYPICAL  CURVES  OF  DENT  VS.  INPUT  STIMULUS  FOR 
DIFFERENT  PARTICLE  SIZES  OF  AN  EXPLOSIVE 


EXPERIMENTAL 

The  gap  test  arrangement  shown  in 
Figure  2  was  used  to  obtain  the  sensi¬ 
tivity  and  the  output  of  the  explosives. 
The  polymethyl  methacrylate  (PMMA) 
barrier  formed  a  very  critical  part  of 
the  test  arrangement.  The  PMMA  barrier 


thickness  governed  the  shock  pressure 
that  was  applied  to  the  acceptor  charges. 

The  PMMA  barrier  thicknesses  were 
designated  by  the  "decibang  unit"  (dbg) 
which  was  the  same  as  that  used  in 
NAVWEPS  Report  7342  (8) .  The  decibang 
is  defined  as 

dbg  =  30-10  log  (gap  thickness  in  mils) 

Note  that  the  barrier  thickness  (Table 
1)  increases  as  the  "decibang  unit" 
decreases. 


TABLE  1 


Decibang  (Dbg)  vs  PMMA  Thickness  (mil)* 


Dbg 

Mils 

6.00 

251.2 

6.25 

237.1 

6.50 

223.9 

7.00 

199.5 

7.25 

188.4 

7.50 

177.8 

7.75 

167.9 

8.00 

158.5 

8.25 

149.6 

8.50 

141.3 

9.00 

125.9 

9.50 

112.2 

10.00 

100.0 

10.50 

89.1 

11.00 

79.4 

11.50 

70.8 

12.00 

63.1 

*  Dbg  -  30.00-10 

log  PMMA  thickness 

(mils) 

The  barrier  thickness  in  terms  of 
"decibangs"  is  quantitative  in  pressure 
units  only  when  calibrated  for  standard 
donors.  Since  a  non-standard  donor  was 
used,  a  new  calibration  or  a  correlation 
of  the  new  donor  -  PMMA  barrier  combina¬ 
tion  had  to  be  made.  See  Figure  3.  The 
experimental  donor  (explosive  and  PMMA 
gap)  was  correlated  to  a  standard  RDX 
donor  (explosive  and  PMMA  gap  that  had 
been  calibrated  in  terms  of  shock  pres¬ 
sure  applied  at  the  PMMA-acceptor  explo¬ 
sive  interface) .  Tetryl  (40/60)  was  the 
acceptor  explosive.  The  average  densi¬ 
ties  of  the  tetryl  were  1.513  ±  0.011 
g/cc  and  1.512  ±  0.014  g/cc  used  respec- 
ively  with  the  experimental  and  the 
tandard  donor. 

The  output  (dent  in  a  steel  block) 
and  the  lowest  stimulus  for  an  observed 
reaction  was  determined  for  the  two 
groups  of  acceptors.  The  results  are 
shown  in  Figure  4. 

A  smooth  curve  was  drawn  through 
the  points  obtained  for  each  acceptor 
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FIG.  2  EXPERIMENTAL  ASSEMBLY  FOR  OBTAINING  SENSITIVITY 
TO  INITIATION  AND  OUTPUT  OF  THE  EXPLOSIVES 


(a)  (b) 


•  FIG.  3  STANDARD  DONOR  (a)  AND  EXPERIMENTAL  DONOR  (b) 

FOR  SMALL  SCALE  GAP  TESTS  CORRELATION 

group.  The  variation  in  displacement 
of  the  curves  is  due  to  different  thick¬ 
ness  of  the  PMMA  gap  as  it  relates  to 
the  strength  of  the  donor.  At  the  maxi¬ 
mum  and  minimum  points  of  the  curves, 
the  output  is  constant  and  is  similar 
for  both. 


relating  points  on  the  standard  curve 
to  the  points  on  the  experimental  curve 
at  which  identical  dents  (identical 
explosive  action)  were  obtained,  the 
shock  pressures  are  then  known  for  the 
experimental  donor  and  its  gap.  Figure 
5  shows  this  relationship.  Table  2  was 
then  compiled  to  show  the  shock  pres¬ 
sures  from  the  experimental  donor. 

Also  helpful  in  evaluating  the  two 
different  curves  of  Figure  4  was  to 
compare  corresponding  points  in  an  area 
where  acceptor  response  was  sensitive 
(the  central  region  of  that  portion  of 
the  curve  having  a  very  steep  slope) . 

For  the  calibrated  donor  and  the  experi¬ 
mental  donor,  these  points,  shock  (dbg) , 
marked  by  X#s  in  Figure  4  and  their 
corresponding  PMMA  gap  thickness,  were 
respectively: 


Calibrated 

Experimental 

Shock 

Gap 

Shock 

Gap 

(Dbg) 

(Mils) 

(Dbg) 

(Mils) 

4.00 

398.1 

10.02 

99.5 

4.10 

389.0 

9.1 

10.44 

90.4 

9.1 

In  each  case  the  same  reduction  in 
thickness  of  the  PMMA  gap  was  required 
to  effect  the  change  from  a  small  dent 
to  a  significantly  larger  dent. 


Using  the  standard  donor  and  gap, 
shock  pressures  (6)  are  known  for  the 
points  along  the  standard  curve.  By 
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BEGINNING  OF  STABLE  HIGH  ORDER  DETONATION 


FIG.  4  OUTPUT  CURVES  OF  TETRYl  ACCEPTORS  FROM  STANDARD 
DONOR  OR  EXPERIMENTAL  DONOR  INITIATION  INTENSITIES 


BFG INNING  STABLE  HIGH 


FIG.  5  CORRELATION  OF  ACCEPTOR  REACTION  FOR 
EXPERIMENTAL  DONOR  AND  STANDARD  DONOR 
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TABLE  2 


Determination  of  Shock  Stimulus  in 
Terms  of  Pressure  (kbar) 


Experimental 

Donor 

Sta ndard 
Donor 

Standard 

Donor 

Shock (Dbg) 

Shock (Dbg)  Pressure (kbar) 

— 

1.25 

5.00 

6.00 

1.29 

5.06 

— 

1.40 

5.25 

6.25 

1.46 

5.35 

— 

1.50 

5.42 

— 

1.55 

5.50 

6.50 

1.62 

5.63 

— 

1.69 

5.75 

6.75 

1.80 

5.97 

— 

1.82 

6.00 

7.00 

1.96 

6.28 

— 

2.00 

6.36 

— 

2.07 

6.50 

— 

2.25 

6.90 

7.50 

2.28 

6.97 

— 

2.30 

7.00 

— 

2.50 

7.48 

— 

2.51 

7.50 

8.00 

2.63 

7.80 

— 

2.71 

8.00 

— 

2.75 

8.10 

— 

2.90 

8.50 

8.50 

2.96 

8.67 

— 

3.00 

8.79 

— 

3.08 

9.00 

— 

3.24 

9.50 

9.00 

3.30 

9.68 

— 

3.40 

10.00 

— 

3.50 

10.32 

9.50 

3.64 

10.80 

— 

3.70 

11.00 

10.00 

3.97 

12.00 

— 

4.00 

12.13 

— 

4.10 

12.52 

— 

4.22 

13.00 

10.50 

4.31 

13.40 

— 

4.45 

14.00 

— 

4.50 

14.25 

11.00 

4.64 

14.91 

— 

4.66 

15.00 

— 

4.86 

16.00 

11.50 

4.98 

16.63 

— 

5.00 

16.74 

— 

5.05 

17.00 

— 

5.22 

18.00 

12.00 

5.31 

18.50 

— 

5.39 

19.00 

EXPLOSIVE  MATERIAL  STUDIED 

Different  particle  sizes  of  tetryl, 
RDX,  and  PETN  were  confined  as  acceptor 
charges  (0.150-inch  diameter  x  1.0-inch 
length) .  The  various  particle  size 


ranges  of  tetryl,  RDX,  and  PETN  were 
obtained  by  sieving  the  service  grade 
lots  of  these  materials.  The  sieve 
cuts  are  shown  in  Table  3. 


TABLE  3 


Sieve  Cuts  of  the  Explosives 


Sieve  Cut 

Particle  Size 
(mm) 

Explosive 

10/20* 

2.00  to  0.84 

tetryl** 

40/60 

0.42  to  0.25 

tetryl 

60/80 

0.25  to  0.177 

RDX 

120/200 

0.125  to  0.074 

tetryl** 

120/200 

0.125  to  0.074 

RDX 

120/200 

0.125  to  0.074 

PETN 

200/270 

0.074  to  0.053 

PETN 

325/pan 

0.044  and  smaller 

tetryl 

325/pan 

0.044  and  smaller 

RDX 

325/pan 

0.044  and  smaller 

PETN 

*  Read  10/20  as:  through  Sieve  No.  10 

and  retained  on  Sieve  No. 

20. 

**  Used  to  obtain  the  typical  curves  of 
Figure  1. 

In  Figures  6-8,  photomicrographs  show 
the  explosive  particles.  Tetryl  crys¬ 
tals  are  shown  in  35X  magnification; 
PETN  and  RDX  crystals  are  shown  in  100X 
magnification. 


RESULTS  AND  DISCUSSION 

An  explanation  as  to  just  what  is 
meant  by  initiation  is  presented  here 
as  a  clarification  for  interpreting 
the  findings  of  this  study.  When  the 
explosives  of  this  study  were  subjected 
to  shock  stimulus,  three  distinct  events 
happened  according  to  the  intensity  of 
the  shock.  The  explosives  either: 

(a)  melted  or  showed  no  reaction 
at  the  PMMA  barrier  - 
explosive  interface, 

(b)  reacted  either  completely  or 
only  in  a  portion  of  the 
confining  brass  cylinder  with 
no  dent  in  the  steel  witness 
block ,  or 

(c)  reacted  vigorously  enough  to 
register  a  dent  in  the  steel 
block . 

A  shock  pressure  at  which  item  (b)  is 
the  observed  characteristic  was  taken 
to  be  the  first  manifestation  of  initi¬ 
ation.  This  shock  pressure  was  then 
used  as  an  index  of  sensitivity  for  the 
explosive.  When  the  item  (c)  charac¬ 
teristic  was  observed,  it  represented 
low  or  high  order  detonation  of  the 
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1 — 1 — 1  ^  i  v  >,  H  v 

10/20  40/60  120/200  325/PAN 

FIG.  6  TETRYL  CRYSTALS.  35X 


60/80 


120/200 

FIG.  7  RDX  CRYSTALS.  100X 


325/ PAN 


120/200  200/270  325/ PAN 

FIG.  8  PETN  CRYSTALS.  100X 
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explosive  at  a  later  stage  of  the  devel  - 
opment  of  the  reaction. 

Each  explosive  of  interest  was 
tested  at  a  minimum  of  two  different 
particle  sizes  at  approximately  the 
same  loading  density.  The  output  dent 
was  determined  as  a  function  of  the 
intensity  of  the  initiation  stimulus. 
Also,  the  initiation  stimulus  was 
recorded  for  the  explosives  which  did 
not  react  vigorously  enough  to  produce 
a  dent.  The  results  were  plotted  as 
curves  as  shown  in  Figures  9  through  13. 
Each  point  of  the  curves  represents 
only  one  trial. 

The  figures  show  curves  for  at 
least  two  different  particle  sizes  for 
each  of  the  explosives,  PETN,  RDX,  and 
tetryl.  The  shift  with  particle  size 
is  apparent.  PETN  is  seen  to  be  more 
sensitive  than  RDX.  RDX,  in  the  same 
manner,  is  more  sensitive  than  tetryl. 

In  the  test  as  run,  the  initiation 
intensity  needed  for  dents  to  just  be 
produced  is  about  7  kbar  for  PETN, 

7.5-11  kbar  for  RDX,  and  10-15  kbar  for 
tetryl.  As  the  stimulus  increases  the 
curves  go  to  a  constant  dent,  charac¬ 
teristic  of  the  maximum  output  possible 
from  the  acceptor.  These  characteristic 
dents  were  approximately  37  mils  for 
tetryl,  41  mils  for  PETN,  and  43  mils 
for  RDX.  The  transition  from  zero  dent 
to  maximum  dent  was  usually  very  sharp, 
occurring  within  a  1  to  2  kbar  stimulus 
interval.  Obviously,  the  usual  50  per¬ 
cent  firing  point  also  falls  within 
that  same  interval.  Further  examina¬ 
tions  were  made  of  the  effects  of  vari¬ 
ation  in  particle  size  and  density. 

Figure  9  shows  the  results  for 
particle  sizes  for  tetryl  of  10/20, 

40/60,  and  325/pan  at  about  a  density 
of  1.505  gm/cc.  There  is  no  significant 
difference  in  the  maximum  output  once  a 
steady  state  detonation  has  been  attained 
in  the  acceptor.  In  these  cases,  the 
10/20  and  40/60  particle  sizes,  however, 
did  not  show  the  transition  from  zero 
dent  to  maximum  dent  as  the  usual  sharp 
transition.  Very  definite  points  shown 
on  the  transition  part  of  the  curve 
show  the  intermediate  level  of  reaction 
below  stable  high  order  detonation.  A 
combination  of  large  particle  size  and 
density  effects  was  assumed  to  have 
caused  an  increase  in  reaction  zone 
length;  thereby,  the  full  vigorous 
reaction  was  not  attained  in  the 
1.0-inch  long  explosive  column.  Seely 
(9)  states,  "...In  general  it  is  not 
satisfactory  to  use  this  large  a  parti¬ 
cle  size  in  the  small  scale  test, 
apparently  because  the  growth  to  deto¬ 
nation  becomes  the  critical  stage  of 
the  overall  initiation  process  for  some 


FIG.  9  OUTPUT  OF  TETRYL  PARTICLE  SIZES  (10/20,  40/60,  AND 
325/PAN),  p  *  DENSITY  in  gm/cc. 


FIG.  10  OUTPUT  OF  TETRYL  PARTICLE  SIZES  (10/20  AND  40/60) 


densities,  whereas  in  the  large-scale 
test  the  ignition  stage  is  critical 
under  all  conditions".  Small  scale  gap 
test  data  are  presented  here  because  of 
the  correspondence  of  dimensions  to 
those  typical  of  explosive  components 
dimensions. 

The  analysis  of  Figures  9  and  10 
(10/20  and  40/60  tetryl,  about  1.60 
gm/cc)  leads  to  the  fact  that  larger 
particles  are  more  sensitive  than 


154 


SCOTT 


smaller  particles  since  a  comparison 
was  made  of  their  manifestation  of 
initiation  by  a  reaction  in  the  confin¬ 
ing  brass  cylinder.  The  comparison  for 
sensitivity  of  the  various  particle 
sizes  was  made  at  8.7  kbar  and  12  kbar. 

At  8.7  kbar  of  shock  pressure,  both 
10/20  and  both  40/60  particle  sizes  of 
tetryl  reacted,  but  not  quite  vigorously 
enough  to  produce  a  dent  in  the  steel 
block.  The  325/pan  particle  size  showed 
an  appearance  of  melting  or  no  reaction 
at  all.  When  the  shock  stimulus  was  12 
kbar,  10/20  and  40/60  tetryl  at  the 
higher  density  (Figure  10)  reacted  but 
failed  to  produce  a  dent.  The  325/pan 
tetryl  (Figure  9)  reacted  but  failed  to 
support  the  initiating  shock  wave;  3/4 
of  the  explosive  remained. 

Seely  (9)  points  out,  "One  set  of 
circumstances  in  shock  initiation  of 
granular  explosives  might  result  in  the 
ignition  stage  of  the  process  being  the 
critical  one.  This  would  mean  that  the 
question  of  whether  the  stagnation  hot 
spot  could  grow  or  not  would  determine 
whether  the  explosive  detonated.  The 
chances  for  growth  of  the  hot  spot 
would  depend  on  the  size  of  intersti¬ 
tial  spaces.  This  in  turn  depends  at 
a  given  density  on  the  size  of  the  parti¬ 
cles.  We  thus  come  to  the  conclusion 
that  when  the  initial  growth  of  the  hot 
spots  is  in  question,  a  granular  explo¬ 
sive  composed  of  large  particles  would 
be  more  sensitive  than  the  same  explo¬ 
sive  composed  of  small  particles •" 


FIG.  11  OUTPUT  OF  RDX  PARTICLE  SIZES  (60/80  AND  325/PAN) 


FIG.  12  OUTPUT  OF  RDX  PARTICLE  SIZES  (60/80  AND  120/200) 


Larger  particles  of  RDX  are  more 
sensitive  to  shock  stimulus  than  smaller 
particles  (see  Figures  11  and  12) .  The 
comparison  was  made  at  a  shock  stimulus 
of  7.8  kbar.  RDX  at  60/80,  1.517  g/cc 
density  reacted  vigorously  enough  to 
produce  a  steel  dent.  RDX  60/80,  1.584 
gm/cc  density  reacted  less  vigorously 
and  produced  no  dent  in  the  steel. 

Three -fourths  of  the  120/200  RDX  1.562 
gm/cc  density,  remained.  No  reaction 
was  observed  for  the  325/pan  RDX  1.517 
gm/cc  density.  Incidentally,  the  curves 
for  the  three  largest  particle  sizes 
show  points  on  the  transition  curve  that 
are  representative  of  the  extent  or 
final  vigor  of  the  reaction  for  corres¬ 
ponding  initiating  stimuli. 

For  PETN  it  was  difficult  to  show 
a  significant  difference  in  the  required 
shock  stimulus  to  produce  dents  or  full 
detonation  for  all  particle  sizes  and 
densities  tested  since  the  particles  in 
each  group  were  about  the  same  size. 

See  Figure  13,  however,  for  an  analysis 
of  the  data.  At  a  shock  stimulus  of 
5.63  kbar,  all  particle  size  groups  of 
PETN  showed  no  reaction.  At  5.97  kbar, 
all  particle  size  groups  reacted  vigor¬ 
ously  but  produced  no  dent  in  the  steel 
block.  At  6.97  kbar  only  the  120/200 
particle  size  gave  an  indication  of 
initiation  by  the  production  of  a  very 
slight  dent  in  a  steel  block.  For  a 
7.43  kbar  stimulus,  120/200  particle 
size  produced  a  35.5  mil  dent;  the 
200/270  particle  size  at  7.33  kbar 
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FIG.  13  OUTPUT  FOR  DIFFERENT  PARTICLE  SIZES  OF  PETN 


stimulus  produced  a  dent  of  36.8  mils? 
and  the  325/pan  particle  size  at  7.38 
kbar  stimulus  produced  no  dent.  The 
data  indicates  the  larger  particles  of 
PETN  are  more  sensitive  to  initiation 
than  are  the  smaller  particles. 


CONCLUSIONS 

The  study  of  the  effect  of  particle 
sizes  of  PETN,  RDX,  and  tetryl  on  their 
shock  sensitivities  indicates  that 
larger  particles  are  more  sensitive 
than  are  smaller  particles. 

Although  smaller  particles  are 
less  sensitive  than  larger  particles, 
smaller  particles  once  initiated  more 
readily  reach  a  stable  high  order 
detonation. 
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THE  HOLE  OF  INTERSTITIAL  GaS  IN  THE  DETONATION  BUILD-UP 


CHARACTERISTICS  OF  LOW  DENSITY  GRANULAR  HMX 
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Aldermaston,  Berkshire,  England. 


The  shock  sensitivities  (card  gap  test)  and  times  to  build-up  to  stable 
detonation  have  been  determined  for  charges  consisting  of  coarse  HMX 
loose  filled  to  a  density  of  1.14  g.cm  ^  (60  volume  %) .  The  interstices 
in  the  charges  were  filled  with  nitrogen  or  methane  at  various  pressures 
up  to  1,000  psi. 

In  a  series  of  experiments,  the  output  from  the  standard  gap  test 
donor  explosive  was  attenuated  by  brass  shims  placed  between  the  donor 
and  the  HMX  charge.  A  range  of  shim  thicknesses,  up  to  90  of  the 
gap  test  critical  thickness  was  used.  It  has  previously  been 
reported  (1)  that  the  shock  sensitivity  is  dependent  on  the  nature  and 
pressure  of  the  interstitial  gas;  the  present  work  shows  that  the 
initiation  delay  time  is  independent  of  the  nature  of  the  gas  or  its 
pressure,  and  is  determined  by  the  incident  shock  parameters  (which 
are  governed  by  the  donor  charge  and  the  thickness  of  the  attenuator 
shim) . 


INTRODUCTION 

This  paper  is  an  extension  of  M.  C.  Chick’s 
work  on  the  effect  of  interstitial  gas  on  the 
shock  sensitivity  of  coarse,  granular,  low 
density  HMX  charges  (1)  where  it  was  shown  that 
the  shock  sensitivity  depended  on  the  pressure 
and  nature  of  the  interstitial  gas  in  a  way 
which  suggested  that  heat  transfer  mechanisms 
played  an  important  role.  This  work  has  been 
extended  to  measure  the  initiation  delay  times 
using  nitrogen  and  methane  at  a  range  of  pressures, 
and  various  degrees  of  attenuation  of  the  donor 
shock . 

EXPERIMENTAL 

An  assembled  round  consisted  of  a  3*5  inch 
length  of  0.75  inch  I  D  thin  walled  brass  tube, 
closed  at  one  end  by  a  0.006  inch  thick  brass 
shim,  soldered  in  place.  Probes  consisting  of 
29  SWG  enamelled  copper  wire  inside  0.028  inch 
0  D  hypodermic  needle  tubing  were  soldered 
diametrically  across  the  brass  tube  at  0.5  or  1.0 
cm  intervals  from  the  shim.  The  tube  was  filled 
with  coarse  granular  HMX  (particle  size  range  100 
to  1,000  p,  median  400  j-i)  by  vibrating  to  a 
density  of  1.14  g.cm  *,  and  was  closed  with  a 
mild  steel  witness  block  held  in  position  by 
adhesive  tape.  The  donor  was  a  PETN  pellet 
0.23  inch  diameter,  0.2  inch  long,  initiated  by 


an  EBW  detonator.  For  each  experiment  the 
required  attenuator  shim  was  placed  between  the 
donor  and  the  filled  tube,  with  a  probe  between 
donor  and  shim.  This  probe  was  made  from  very 
thin  copper/polyester  laminate,  and  served  to 
provide  a  fiduciary  signal  to  start  the  record¬ 
ing  sequence.  The  assembly  was  taped  together, 
placed  in  the  firing  vessel  and  connections 
made  to  the  firing  and  recording  apparatus. 

The  vessel  was  sealed,  pressurised  with  the 
appropriate  gas,  vented  and  repressurised  before 
firing. 

In  a  preliminary  series  of  experiments,  the 
thickness  of  shim  for  which  the  probability  of 
detonation  was  50  %  (called  the  critical  value) 
was  determined  for  each  set  of  conditions. 

For  these  experiments  the  probes  were  in  the 
tubes,  although  they  were  not  used,  as  their 
presence  had  been  found  to  have  a  small  effect 
on  the  critical  value. 

The  main  series  of  rounds  was  then  fired 
with  a  range  of  attenuating  shim  thicknesses  up 
to  and  including  90  %  of  the  critical  values. 

The  times  of  closure  of  the  foil  probes  and  the 
hypodermic  needle  probes  were  recorded  with  a 
multi-channel  oscilloscope.  The  first  few 
probes  were  found  to  give  somewhat  variable 
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results,  probably  because  the  shock  pressure  and 
velocity  were  too  low  for  the  correct  functioning 
of  this  type  of  probe. 


RESULTS  AND  DISCUSSION 

A  typical  space-time  plot  (Fig.  1)  shows 
a  normal  build-up  to  stable  detonation.  The 
straight  line  part  of  the  graph  was  extrapolated 
both  graphically  and  mathematically  to  zero 
distance.  The  time  at  zero  distance  includes 
the  time  through  the  shim;  this  was  calculated 
assuming  a  shock  velocity  of  4.6  mm/jis  through 
the  shim,  and  subtracted  to  give  the  initiation 
delay,  or  lost  time. 

The  results  (Table  1)  confirm  Chick* s  work 
and  show  that  shock  sensitivity  is  markedly 
dependent  on  the  nature  and  the  pressure  of  the 
interstitial  gas.  The  lost  times  for  all  the 
experimental  conditions  have  been  plotted  as  a 
function  of  shim  thickness  in  Fig.  2  where  it 
can  be  seen  that  the  lost  time  is  independent 
of  the  nature  and  pressure  of  the  gas,  and 
depends  only  on  the  parameters  of  the  initiating 
shock  as  determined  by  the  thickness  of  the 
attenuating  shim. 


These  results  may  be  explained  if  it  is 
postulated  that  two  quite  different  mechanisms 
operate.  The  first  of  these,  which  determines 
whether  the  round  will  detonate  or  fail,  is 
strongly  affected  by  the  nature  and  pressure  of 
the  interstitial  gas,  and  therefore  probably 
involves  heat  transfer.  It  is  of  short  duration 
compared  with  the  lost  time.  The  second 
mechanism  operates  during  the  build-up  phase 
after  stable  detonation  has  been  initiated  but 
not  yet  achieved,  and  gives  rise  to  substantially 
all  of  the  lost  time.  This  process  is  independ¬ 
ent  of  the  interstitial  gas  or  its  pressure,  and 
therefore  probably  does  not  depend  on  mechanisms 
of  heat  transfer  across  the  interstices. 
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TABLE  1 

Results  of  Multiprobe  Detonation  Build-up  Experiments 


Pressure  (psi) 
and  gas 

Shim  thickness 
(mil) 

Extrapolated 
linear 
regression 
time  at  zero 
distance 
(ps) 

Lost  time 
(,ps) 

Shock  sensitivity 
(mil.  of  brass) 

15  n2 

208 

23.16 

21.01 

231 

500  n2 

126 

12.29 

11.60 

196 

iooo  n2 

66 

10.29 

10.56 

134 

15  N2 

143 

16.43 

15.64 

231 

1000  N2 

6 

1.10 

1.10 

134 

500  n2 

70 

7.53 

7.14 

196 

1000  CH4 

21 

5.5^ 

5.42 

28 

250  CH4 

115 

10.03 

9.39 

135 

100  CH4 

121 

11.25 

10.58 

187 

100  CH4 

6 

0.71 

0.70 

187 
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FIGURE  I.  TYPICAL  SPACE-TIME  PLOT 
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THE  SHOCK  HUGONIOT  OF  UNREACTED  EXPLOSIVES 


V.  M.  Boyle,  W.  G.  Smothers,  L.  H.  Ervin 
USA  Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Hugoniot  data  were  obtained  for  three  cast  explosives;  TNT,  Tritonal,  H-6, 
and  for  two  pressed  explosives;  PBX  9404  and  Tritonal.  The  explosive 
samples  were  shocked  through  a  buffer  plate  attached  to  a  10  cm  diameter 
plane  wave  lens.  A  streak  camera  was  used  to  measure  the  shock  velocity 
in  the  explosive  sample  and  in  a  Plexiglas  monitor  in  contact  with  the 
buffer  plate.  The  impedance  match  technique  was  used  to  determine  the 
particle  velocity  in  the  explosive.  In  the  same  experiment  a  Plexiglas 
overlay  was  placed  on  the  explosive  sample  and  the  shock  velocity  in  it 
was  measured.  The  interface  equation  was  then  used  to  determine  the  par¬ 
ticle  velocity  in  the  explosive  sample.  If  the  explosive  remained  unre¬ 
acted  both  particle  velocity  determinations  gave  essentially  the  same  value. 
Divergence  of  the  particle  velocities  indicated  that  explosive  reaction  had 
occurred  during  the  time  of  shock  transit  through  the  sample.  This  time  was 
approximately  one  microsecond. 


INTRODUCTION 

When  a  sufficiently  strong  shock  wave  tra¬ 
verses  a  solid  polycrystalline  explosive,  the 
small  local  discontinuities  characteristic  of 
the  material,  cause  small  local  convergences  of 
the  shock  wave  and  its  associated  mass  flow. 

This  gives  rise  to  local  high  temperature 
sources  and  consequent  reaction  sites  (1).  The 
energy  released  by  the  reacting  explosive  in¬ 
creases  the  pressure  and  velocity  of  the  orig¬ 
inal  shock  wave  and  represents  a  source  of  error 
in  the  typical  experiment  designed  to  determine 
Hugoniot  data  for  unreacted  explosive.  This 
paper  describes  an  experiment  designed  to  ob¬ 
tain  Hugoniot  data  of  unreacted  explosive  and 
to  indicate  when  the  data  are  affected  by  ex¬ 
plosive  reaction. 

EXPERIMENT 

The  basic  experimental  arrangement  is 
shown  in  Fig.  1.  A  10  cm  diameter  plane  wave 
lens  and  attached  base  pad  are  detonated  to 
provide  a  shock  wave  arrival  at  the  buffer 
which  is  plane  to  within  .03  usee  over  the 
central  7.6  cm.  The  impedance  mismatch  pre¬ 
sented  by  the  metal  buffer  plate  decreases  the 
energy  and  pressure  transmitted  to  the  sample. 
The  buffer  plates  were  machined  to  size  and 
sanded,  the  top  surface  was  polished  to  improve 
its  reflectivity  and  to  enhance  intimate  con¬ 
tact  between  it  and  the  pellets  which  were 


TO  STREAK  CAMERA 


Fig.  1  -  System  for  shocking  explosive  samples 

cemented  to  it  with  epoxy.  All  pellets  were  a 
nominal  1.9  cm  diameter;  they  were  polished  and 
measured  for  thickness  (0.3  cm).  The  Plexiglas 
pellets  were  aluminized  in  an  evaporative  coater 
to  provide  mirror  surfaces  over  the  areas  indi¬ 
cated  by  heavy  dark  lines  in  the  figure.  During 
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assembly  a  two-kilogram  weight  was  placed  on 
each  set  of  pellets  to  prevent  epoxy  from  flow¬ 
ing  between  the  surfaces  and  causing  a  separa¬ 
tion.  The  centers  of  all  pellets  were  located 
within  1.27  cm  of  the  center  of  the  buffer 
plate  to  minimize  pressure  gradients  caused  by 
rarefactions  from  the  charge  boundary. 

A  range  of  pressures  in  the  sample  was 
obtained  by  varying  the  base  pad  (TNT,  Comp  B), 
the  buffer  plate  material  (brass,  aluminum, 
Plexiglas)  and  by  using  buffer  systems  composed 
of  layers  of  mismatched  materials  as  e.g.,  brass- 
hexane-brass,  brass-Plexiglas-brass ,  etc.  One 
surface  of  the  base  pad  was  machined  at  a  5° 
angle  as  indicated  in  Fig.  2.  This  produced 
a  slightly  oblique  shock  wave  (with  negligible 
effect  on  the  results)  which  improved  detec¬ 
tion  of  the  wave  at  the  various  surfaces  of 
interest;  upon  shock  arrival  the  surface  is 
tilted  through  a  slight  angle  which  for  a  given 
material  is  a  function  of  the  pressure,  and  a 
previously  aligned,  collimated  light  beam  is 
reflected  out  of  the  field  of  view  of  the 
camera  objective  lens  causing  a  sharp  extinc¬ 
tion  of  the  reflected  light.  The  light  source 
consisted  of  an  explosive  pad  in  contact  with 
argon  gas  in  a  cardboard  container.  The  face 
of  the  container  was  covered  by  a  thin  trans¬ 
parent  plastic,  Saran  Wrap,  which  was  blacked 
out  except  for  a  long,  narrow  region  (1  cm  x 
15  cm)  parallel  to  the  streak  camera  slit; 
this  served  as  a  linear  source  of  roughly 
collimated  light.  The  light  source  was  posi¬ 
tioned  about  2.5  meters  from  the  plane  wave 
lens. 


A  streak  camera,  recording  at  3.28  mm/psec 
was  used  to  obtain  the  shock  transit  time 


Fig.  2  -  Another  view  of  Fig.  1  revealing 
angled  base  pad. 


through  the  sample  pellet,  the  overlay  pellet 
(refers  to  the  Plexiglas  pellet  on  the  sample), 
and  the  two  Plexiglas  monitor  pellets.  This 
transit  time  and  the  measured  pellet  thickness 
gave  the  average  shock  velocity  in  each  pellet. 
An  approximate  correction  factor  for  shock  vel¬ 
ocity  decay  was  obtained  from  the  average  shock 
velocity  in  each  of  the  monitor  pellets.  All 
velocities  were  corrected  back  to  a  time  equal 
to  half  the  sample  pellet  thicknqss  divided  by 
the  average  sample  shock  velocity  which  needed 
no  correction.  Typical  measurements  indicated 
the  shock  velocity  in  the  monitor  pellets  de¬ 
creased  by  2%  per  psec  of  shock  travel  time 
when  a  TNT  base  pad  was  used  in  conjunction 
with  the  plane  wave  lens  which  had  a  TNT  core 
and  6%  per  psec  when  a  Comp.  B  pad  was  used. 
Because  of  this,  TNT  pads  were  used  in  prac¬ 
tically  all  of  the  firings.  In  practice,  it 
was  found  easier  to  refer  to  existing  Manganin 
gauge  records  (2)  showing  the  pressure  decay 
for  typical  buffer  systems  as  a  function  of 
time  and  compute  approximate  correction  factors. 

The  Hugoniots  of  the  materials  used  in 
the  experiment  can  be  represented  by  the  mate¬ 
rial  density,  p,  in  gm/cnr  and  the  linear  re¬ 
lationship. 


U  =  a  +  bu 


where  U  =  shock  velocity  in  mm/psec. 

u  =  particle  velocity  in  mm/psec. 

a,  b  =  constants  for  each  material. 

An  occasional  x  and  p  subscript  refer  respec¬ 
tively  to  explosive  and  Plexiglas. 

Brass,  271 :  p  =  8.443,  U  =  3.802  +  1.418u  (3) 

Aluminum,  2024:  p  =  2.785,  U  =  5.328+1.338u  (4) 

Magnesium,  AZ31B:  p  =  1.773,  U  =  4.65+1.20u  (5) 

Plexiglas  II  UVA:  p  =  1.183,  U  =  2.695+1 . 538u (6) 
from  25  to  240  kilobars 

An  experimental  determination  of  the  Plexiglas 
Hugoniot  was  made  for  the  low  pressure  region 
since  available  data  (7)  indicated  some  dis¬ 
agreement.  The  impedance  match  technique  was 
used  with  brass  as  the  standard  material. 

Plexiglas  II  UVA:  p  =  1.183,  U  =  2.938  +  1.284u 

a  (U)=  .035  mm/psec 
for  3.3  <  U  <  4.0  mm/psec. 

IMPEDANCE  MATCH  SOLUTION 

Once  the  shock  velocity  in  the  monitor 
pellets  was  known  the  impedance  match  solution 
(4)  was  used  to  infer  the  pressure  in  the  buffer 
plate.  To  determine  the  particle  velocity  in 
the  explosive  sample  corresponding  to  a  mea¬ 
sured  shock  velocity  in  that  sample,  a  further 
application  of  the  impedance  match  solution 
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Fig.  3  -  Graphical  representation  of  impedance  match  solution.  An  increase  in  explosive 
shock  velocity  yields  a  lowered  particle  velocity  solution. 


was  made  as  shown  in  Fig.  3.  The  shock  pressure 
in  the  buffer  and  the  Hugoniot  curve  of  the 
buffer  are  known  and  a  release  isentrope  from 
the  pressure-particle  velocity  point  was  approxi¬ 
mated  by  constructing  a  mirror  image  of  the 
buffer  Hugoniot  about  a  constant  particle  velo¬ 
city  line  through  that  point.  The  intersection 
of  this  isentrope  with  the  line  of  slope  p  U 
determines  the  pressure  and  particle  veloc^ftj 
at  the  common  interface  of  the  buffer  and  the 
explosive  sample.  If  the  shocked  explosive 
reacts  the  chemical  energy  liberated  will  in¬ 
crease  the  pressure  and  velocity  of.the  initial 
shock  giving  an  increased  slope  p  U  as  indi¬ 
cated  by  the  dashed  line  in  Fig.  3.x  The  inter¬ 
section  of  the  buffer  isentrope  with  the  line 
of  slope  p  U'  formally  gives  a  particle  velo¬ 
city  which  is  lower  than  the  initial,  correct 
particle  velocity  in  the  explosive  sample.  The 
particle  velocity  determined  for  this  reactive 
shock  should  be  regarded  as  an  indicator  of  re¬ 
action  occurring  rather  than  a  correct  value 
of  particle  velocity.  The  right  half  of  Fig.  3 
is  an  analytical  expression  showing  that  the 
computed  particle  velocity  decreases  as  the 
shock  velocity  in  the  sample  increases.  It 
can  be  obtained  by  writing  the  expression  for 
the  mirror  image  buffer  Hugoniot  and  differ¬ 
entiating  at  the  point  of  intersection  with  the 
line  of  slope  pxUx. 

INTERFACE  EQUATION  SOLUTION 

The  average  shock  velocity  in  the  explo¬ 
sive  sample  and  in  the  Plexiglas  overlay  are 
used  in  the  interface  equation  solution  (8)  to 
determine  the  particle  velocity  in  the  explo¬ 
sive  at  the  common  interface  of  the  explosive 
and  the  Plexiglas  overlay.  The  Plexiglas 
Hugoniot  is  known  and  the  particle  velocity, 
u  ,  in  the  explosive  can  be  obtained  from  the 
equation  shown  in  the  right  half  of  Fig.  4. 

The  interface  equation  is  strictly  valid  at 
low  pressures  but  has  been  shown  to  be  a  good 


approximation  at  higher  pressures.  The  left 
half  of  Fig.  4  illustrates  graphically  the 
interface  equation  solution.  The  unreacted 
explosive  line  of  slope  p  U  is  shown;  the 
reacting  explosive  line  ot  §lope  p  U'  is  also 
shown.  In  the  interface  equation  Construction 
a  line  having  the  negative  of  the  slope  of  the 
p  U  line  is  constructed  from  the  pressure- 
particle  velocity  point  representative  of  shock 
conditions  in  the  Plexiglas  overlay.  The  inter¬ 
section  of  this  line  with  the  p  U  line  of  the 
unreacted  explosive  determines  thC  pressure  and 
particle  velocity  in  the  explosive  sample.  As 
can  be  seen  from  the  construction,  an  increase 
in  shock  velocity  in  the  sample  leads  to  an 
increased  pressure  in  the  Plexiglas  overlay, 
an  increase  in  the  line  slope,  and  the  calcula¬ 
tion  of  a  particle  velocity  in  the  explosive 
sample  increased  from  the  initial  value  in  the 
unreacted  explosive.  The  right  half  of  Fig.  4 
indicates  that  the  calculated  particle  velocity 
is  directly  proportional  to  the  square  of  the 
shock  velocity  in  the  Plexiglas  overlay  and 
inversely  proportional  to  the  shock  velocity 
in  the  explosive  sample.  When  the  explosive 
sample  reacts  the  calculated  particle  velocity 
is  increased  above  the  initial,  correct  par¬ 
ticle  velocity  in  the  sample  and  serves  as  an 
indicator  of  explosive  reaction  under  shock 
loading.  By  employing  both  techniques;  impe¬ 
dance  match  and  interface  equation,  in  a 
single  experiment,  Hugoniot  data  for  unreacted 
explosive  were  obtained  and  the  occurrence  of 
reaction  was  indicated  by  a  divergence  of  the 
calculated  particle  velocity  pairs. 

In  order  to  gain  some  confidence  in  the 
validity  of  the  experiment  an  inert  material. 
Magnesium  alloy  AZ31B,  p  =  1.771  gm/cnr  was 
used  as  the  sample  and  subjected  to  a  range  of 
shock  pressures.  The  results  are  indicated  in 
Fig.  5  where  shock  velocity  is  plotted  against 
particle  velocity  in  the  sample.  The  black 
dots  (.)  represent  impedance  match  solutions 
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INTERFACE  EQUATION  SOLUTION 


ux  =  V/>pUp+A>x  Ux) 
2  A>  x  Ux 

Up2 

Ux  ~  — — 

Ux 


Fig.  4  -  Graphical  representation  of  interface  equation  solution.  An  increase  in  explo¬ 
sive  shock  velocity  yields  an  increased  particle  velocity  solution. 


MAGNESIUM  HUGONIOT 


in  the  shock  velocity-particle  velocity  plane 
are  summarized  for  five  explosives.  D  =  deton- 
ation^velocity  in  mm/ysec,  p  =  density  in 
gm/cnr  and  Ug  =  bulk  sound  velocity  in  mm/ysec. 

cast  TNT,  p  =  1.62,  D  =  6.80 

U  =  2.274  +  2.652u  for  U  <  3.7  mm/ysec 
a(U)  =  .065  mm/ysec 


U  =  2.987  +  1.363u  for  U  >  3.7  mm/ysec 
a(U)  =  .124  mm/  sec 

Ug  =  2.297  mm/ysec  (9) 

PBX  9404,  p  =  1.84,  D  =  8.835 


U  =  2.310  +  2.767u  for  U  <  3.2  mm/ysec 


Fig.  5  -  Magnesium  Hugoniot  in  the  shock  velo¬ 
city-particle  velocity  plane.  In  this  and  the 
following  figures  the  black  dots  refer  to  im¬ 
pedance  match  data  and  the  crosses  refer  to 
interface  equation  data. 

and  the  crosses  (+)  represent  interface  equation 
solutions.  A  least  squares  fit  of  the  data  gave, 

U  =  4.723  +  1.115u 
a  (U)  =  .063  mm/ysec 

This  can  be  compared  with  a  well  determined 
Hugoniot  for  this  alloy  (5)  represented  by, 

U  =  4.65  +  1.20u 
a  (U)=  .02  rm/ysec 

The  agreement  is  felt  to  be  satisfactory  since 
most  of  the  data  were  gathered  during  the  early 
stages  of  this  experiment  when  the  technique 
was  still  being  refined. 

RESULTS 

Hugoniot  data  for  unreacted  explosive 


Ug  =  2.310  mm/ysec  (10) 

cast  Tritonal,  p  =  1.73,  D  =  6.70 

U  =  2.313  +  2.769u  for  U  <  3.8  mm/ysec 
a(U)  =  .073  mm/ysec 

cast  H-6,  p  =  1.76,  D  =  7.40 

U  =  2.654  +  1 . 984u  for  U  <  3.7  mm/ysec 
a(U)  =  .095  mn/ysec 

pressed  Tritonal,  p  =  1.66,  D  =  6.52  (11) 

(insufficient  data  for  a  fit) 

The  cast  tritonal  consisted  of  80%  TNT,  20% 
aluminum,  but  radiographs  of  the  finished 
pellets  indicated  some  separation  of  the  com¬ 
ponents  had  occurred.  The  same  situation  pre¬ 
vailed  with  H-6  which  consisted  of  45%  RDX, 

30%  TNT,  20%  AL  and  5%  wax.  Pressed  Tritonal 
sample  charges  were  made  in  order  to  get  homo¬ 
geneity  but  their  shock  sensitivity  prevented 
the  acquisition  of  sufficient  data  to  make  a 
fit. 
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The  Hugoniot  data  for  cast  TNT  are  shown 
in  Fig.  6.  Several  points  are  of  interest  here. 
First,  it  appears  that  the  Hugoniot  can  be  re¬ 
presented  by  two  distinct  straight  lines  in  the 
shock  velocity-particle  velocity  plane.  The 
question  of  whether  this  represents  a  phase 
change  in  TNT  cannot  be  answered  here.  An 
extrapolation  of  an  estimate  of  the  bulk  tem¬ 
perature  of  shocked  TNT  (9)  gives  a  temperature 
of  around  100°C  for  TNT  shocked  to  a  pressure 
of  32  kbars,  the  approximate  intersection  point 
of  the  two  lines  representing  the  TNT  Hugoniot 
data.  A  more  sophisticated  analysis  would  be 
needed  to  determine  what  conditions  of  tempera¬ 
ture  and  pressure  would  produce  a  phase  change 
in  shocked  TNT.  For  purposes  of  comparison  the 
Hugoniot  of  liquid  TNT  (7)  which  represents 
unreacted  material,  is  also  drawn  in  Fig.  6. 

This  data  can  be  represented  by 

U  =  2.14  *  1.57u,  T  =  81°C,  p  =  1.472  gm/cm3 

o(U)  =  .06  mm/usec 

The  dashed  lines  represent  extrapolation  of  the 
data  to  the  detonation  velocity.  The  cast  TNT 
Hugoniot  extrapolates  to  a  particle  velocity 
of  2.80  mm/usec.  An  estimate  of  this  spike 
particle  velocity,  i.e.,  the  particle  velocity 
in  the  shocked  but  unreacted  explosive  at  the 
head  of  the  detonation  wave,  (12),  gives 
approximately  the  same  value.  At  the  lower 
pressure  end,  the  data  extrapolate  close  to 
the  bulk  sound  velocity  at  zero  particle  vel¬ 
ocity,  the  bulk  sound  velocity  not  having  been 
included  in  the  least  squares  fit;  it  has  been 
shown  (3)  for  a  large  number  of  solid  inorganic 
materials  that  the  zero  particle  velocity  inter¬ 
cept  is  the  bulk  sound  velocity.  Using  the 
detonation  pressure  point  indicated  in  the 
figure  (13)  and  assuming  the  validity  of  the 


rather  large  extrapolation  to  the  detonation 
velocity  the  spike  pressure  is  calculated  to 
be  157%  of  the  detonation  pressure. 

The  particle  velocity  pairs  in  Fig.  6 
exhibited  a  greater  divergence  as  the  intensity 
of  the  initial  shock  pressure  increased.  How¬ 
ever,  as  can  be  seen,  this  divergence  was  not 
very  rapid  and  so  it  was  assumed,  in  this  case, 
that  a  least  squares  fit  of  the  particle  velo¬ 
city  pairs  would  give  a  fair  representation  of 
unreacted  explosive.  The  lowest  pressure  where 
the  particle  velocities  indicate  divergence  is 
about  30  kilobars.  One  outlying  low  pressure 
point  was  not  included  in  the  data  reduction; 
it  is  included  in  the  figure  to  suggest  the 
possibility,  if  it  is  not  an  experimental  error, 
that  explosive  reaction  may  occur  at  much  lower 
pressures. 

The  low  pressure  Hugoniot  points  for  TNT 
are  plotted  on  a  larger  scale  in  Fig.  7.  The 
isothermal  (18°C)  compressibility  of  TNT, 
density  =  1.63  gm/cm  ,  was  determined  hydro¬ 
statically  up  to  a  pressure  of  21  kilobars  (14). 
This  isotherm  has  been  transformed  to  the  shock 
velocity-particle  velocity  plane  by  treating 
the  isothermal  pressure-compression  points  as 
Hugoniot  data.  It  can  be  seen  that  both  curves 
are  in  satisfactory  agreement.  A  straight  line 
fit  to  the  isotherm  gave, 

U  =  2.199  +  2.596u. 

Figure  8  shows  the  Hugoniot  data  for  PBX 
9404.  In  this  case,  the  bulk  sound  velocity 
was  used  in  estimating  a  linear  fit  to  the  rather 
meager  unreacted  Hugoniot  data.  The  particle 
velocities,  in  contrast  to  TNT,  exhibit  a  large 
divergence.  The  lowest  measured  points  corre¬ 
spond  to  a  pressure  of  17  kilobars.  A  long 


Fig.  6  -  Cast  TNT  Hugoniot  data.  Dashed  line  here  and  in  the  following  figures  represents 
extrapolation  to  the  detonation  velocity.  Liquid  TNT  Hugoniot  added  for  comparison. 
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CAST  TRITONAL  HUGONIOT 


Fig.  7  -  Enlarged  view  of  low  pressure  points  Fig.  9  -  Cast  Tritonal  Hugoniot  data 

for  cast  TNT.  Isotherm  (18°C)  of  hydrostati¬ 
cally  compressed  TNT. 


9404  HUGONIOT 


—  DETONATION  PRESSURE 

^  POINT  (JAMESON) 

»  * _ »  - —i 

1.0  2.0  3.0  4.0 

u(MM//xsec) 


Fig.  8  -  PBX-9404  Hugoniot  data 

extrapolation  is  made  up  to  the  detonation  vel¬ 
ocity  strictly  for  illustrative  purposes.  The 
spike  particle  velocity  estimate  for  9404  (12) 
was  about  3.5  mm/usec.  The  detonation  pressure 
point  (13)  is  also  shown  in  the  figure. 

Figures  9  and  10  show  Hugoniot  data  for 
cast  Tritonal  and  cast  H-6  respectively.  The 
H-6,  being  more  sensitive,  indicates  a  greater 
divergence  of  the  particle  velocities.  Only 
the  lower  pressure  unreacted  points  were  used 
to  determine  a  least  squares  fit  to  the  data. 

Figure  11  is  a  good  illustration  of  the 
sensitivity  of  pressed  Tritonal.  Even  at 
pressures  as  low  as  13  kilobars  reaction 
occurred. 


CAST  H-6  HUGONIOT 


Fig.  10  -  Cast  H-6  Hugoniot  data 


PRESSED  TRITONAL 


Fig.  11  -  Pressed  Tritonal  Hugoniot  data 
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CONCLUSION 

Since  the  energy  liberated  by  reaction  in 
a  shocked  explosive  produces  an  accelerating 
shock  wave,  the  average  shock  velocity  in  the 
explosive  sample  is  high  with  respect  to  the 
initial  velocity  at  the  buffer-sample  interface 
and  low  with  respect  to  the  final  velocity  at 
the  sample-monitor  interface.  The  use  of  the 
average  shock  velocity,  therefore,  in  impedance 
match  and  interface  equation  solutions  for  the 
particle  velocity  in  the  shocked  explosive 
yields  values  which  are  too  low  and  too  high 
respectively.  The  combination  of  both  tech¬ 
niques  in  a  single  experiment  can  indicate  when 
Hugoniot  data  of  unreacted  explosive  are  being 
perturbed  by  chemical  reaction  of  the  explosive 
under  shock  loading. 
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SHOCK  INITIATION  OF  NITROMETHANE ,  METHYL  NITRITE 
AND  SOME  BIS  DIFLUORAMINO  ALKANES* 

J.  G.  Berke,  R.  Shaw  and  D.  Tegg 
Stanford  Research  Institute,  Menlo  Park,  California 

and 

L.  B.  Seely 

Menlo  College,  Menlo  Park,  California 


Reaction  times  for  shock  initiation  were  measured  for  some  liquid  explosives 
using  a  high  speed  smear  camera  and  a  modified  gap-test.  In  all  cases  the 
reaction  times  decreased  as  the  initiating  shock  pressure  increased  in  the 
range  70  to  130  kbar,  and  as  the  pre-shock  temperature  was  raised  in  the 
range  5°  to  40°C.  For  constant  shock  pressure,  the  reaction  time  for  liquid 
methyl  nitrite  is  significantly  less  than  the  reaction  time  for  nitromethane . 
This  is  consistent  with  thermal  explosion  theory,  because  the  CH3O-NO  bond 
strength  is  more  than  20  kcal/mole  weaker  than  the  CH3-N02  bond.  For  con¬ 
stant  shock  pressure,  the  reaction  time  of  1 , 2-bis(dif luoramino)propane  was 
significantly  less  than  the  reaction  time  for  2, 2-bis(dif luoramino)propane . 
Similarly,  the  reaction  time  for  1 , 2-bis(dif luoramino)butane  was  signifi¬ 
cantly  less  than  that  for  2, 2-bis(dif luoramino)butane .  We  propose  that  the 
vicinal  compounds  decompose  faster  than  the  geminate  compounds  because  the 
vicinal  compounds  can  undergo  a  low  activation  energy,  exothermic  elimina¬ 
tion  of  HF,  via  a  four-center  transition  state  -CH(NF2)-  -*  -C(NF)-  +  HF. 


Code  Name 
NM 

1,2-DP 


2,  2- DP 


1,2-DB 


2,2-DB 


I  BA 


GLOSSARY  OF  COMPOUNDS 


Structure 


CH3N0a 

CH3ONO 


CH2-CH-CH3 
I  I 
NF2  NF2 

ch3c(nf2)2ch3 

ch2-ch-ch2-ch3 
nf2  nf2 

ch3c(nf2)2ch2ch3 

ch3 

ch2-c  -  ch3 
I  I 
nf2  nf2 


Chemical  Name 
nitromethane 
methyl  nitrite 

1 . 2- bis(dif luoramino)propane 

2. 2- bis(dif luoramino)propane 

1 . 2- bis(dif luoramino)butane 

2. 2- bis(dif luoramino)butane 

1 . 2- bis(difluoramino)-2- 
methylpropane 
(isobutylene  adduct) 


This  work  was  supported  by  the  Office  of 
Naval  Research  under  Contract  Nonr  3760(00). 


168 


Berke,  et  al. 


INTRODUCTION 

The  main  purpose  of  this  paper  is  to 
supplement  the  work  on  the  detonation  fialure 
of  NF  liquids  [1  ].  By  dividing  the  work  into 
two  subjects — detonation  failure  and  shock  in¬ 
itiation — the  results  can  be  presented  in 
greater  detail.  This  seems  worthwhile  because 
in  addition  to  its  relevance  to  failure,  shock 
initiation  is  of  some  intrinsic  interest,  and 
is  clearly  important  to  our  understanding  of 
shock  sensitivity  and  gap  testing.  The  ultimate 
goal  of  research  on  shock  initiation  is  to  de¬ 
velop  the  theory  to  the  point  where  the  shock 
sensitivity  of  a  compound  can  be  predicted  from 
its  chemical  structure. 

Research  previously  reported  [2]  has  shown 
that  in  the  JANAF  gap  test,  initiation  may  occur 
at  the  walls  of  the  container  rather  than  at  the 
charge  axis.  Since  the  object  of  the  present 
work  was  to  study  the  reactions  occurring  homog¬ 
eneously  in  the  liquid  phase,  particular  care 
was  taken  to  avoid  wall  initiation.  Early  in 
the  research  it  was  decided  to  use  the  divergent 
wave  geometry  of  the  gap  test  rather  than  plane 
waves.  This  decision  was  based  on  the  good  re¬ 
producibility  and  the  low  cost  of  the  initiating 
explosive . 

In  their  classic  work  on  the  shock  initia¬ 
tion  of  liquid  nit romethane ,  Campbell,  Davis  and 
Travis  [3]  showed  that  their  results  could  be 
interpreted  using  homogeneous  thermal  explosion 
theory.  The  most  important  parameters  in  homog¬ 
eneous  thermal  explosion  theory  are  shock  tem¬ 
perature  and  the  chemical  kinetics  of  the  heat 
releasing  reactions.  Part  of  the  underlying 
philosophy  for  this  research  was  the  assumption 
that  isomers  such  as  1,2-DP  and  2, 2- DP  would 
have  similar  physical  properties  when  shocked 
and  would  therefore  also  have  similar  shock 
temperatures.  Differences  in  initiation  behav¬ 
ior  would  therefore  be  attributable  to  differ¬ 
ences  in  heat  release  kinetics. 

Nitromethane ,  because  it  is  one  of  the  most 
studied  liquid  explosives,  and  is  also  inexpen¬ 
sive,  was  used  mainly  to  test  our  experimental 
procedure.  A  few  experiments  were  conducted  on 
its  isomer,  methyl  nitrite.  The  main  emphasis 
of  the  research  however  was  on  the  NF  liquids. 

EXPERIMENTAL 

The  source  and  purity  of  the  Spectroqual- 
ity  nitromethane  and  of  the  NF  liquids  have 
been  described  earlier  [4],  A  200  ml  batch  of 
nitromethane  was  further  purified  by  preparative 
gas  chromatography  to  reduce  impurities  from 
2.5%  to  .5%.  Methyl  nitrite  was  prepared  as 
follows  [5,6],  Methanol  (Allied  Chemical)  was 
run  dropwise  into  isopentyl  nitrite  (Eastman 
Organic)  in  a  3-necked  flask  which  was  gently 
heated.  The  flask  was  fitted  with  a  water- 
cooled  condenser.  The  methyl  nitrite  was  car¬ 
ried  by  a  stream  of  nitrogen  through  a  calcium 
chloride  tube  to  remove  unreacted  methanol. 


The  methyl  nitrite  was  collected  at  -196°C 
and  distilled  from  bulb  to  bulb.  The  identity 
of  the  methyl  nitrite  was  confirmed  by  infrared 
analysis  [7  ]  using  100  torr  sample  pressurized 
to  400  torr  with  nitrogen  in  a  9  cm  gas  cell 
and  a  Perkin-Elmer  237B  grating  spectrometer. 
Methanol  has  a  strong  peak  at  2.7p,  and  isopen¬ 
tyl  nitrite  has  a  strong  peak  at  14. 6^.  Neith¬ 
er  impurity  could  be  detected  and  their  concen¬ 
tration  was  estimated  to  be  less  than  1%.  The 
methyl  nitrite  was  stored  at  -80°C. 

The  shot  set  up  was  very  similar  to  that 
described  earlier  (see  Fig.  4  of  Ref.  2)  except 
that  the  initiating  charge  was  a  5.08  cm  right 
cylinder  of  PBX  instead  of  tetryl,  and  the 
chamber  containing  the  explosive  liquid  was 
5.08  cm  in  diameter  and  1.25  cm  long.  In  a  few 
shots  (see  Table  1),  the  chamber  was  1.9  cm 
long.  The  cell  containing  the  liquid  was  made 
of  optical  grade  Homalite  plastic  [8],  and  the 
pre-shock  temperature  of  the  liquid  was  con¬ 
trolled  by  a  hot  or  cold  liquid  jacket  and  was 
measured  by  a  thermocouple.  The  peak  pressure 
in  the  liquid  was  varied  from  shot  to  shot  in 
the  range  70  to  130  kbar  by  varying  the  thick¬ 
ness  of  the  Homalite  attenuator.  The  peak 
pressure  in  the  liquid  was  calculated  from  the 
known  Hugoniot  of  the  Homalite  [8],  and  from  a 
calculated  Hugoniot  of  liquid  using  impedance 
matching  [9], 

The  emission  of  light  as  a  function  of 
time  was  observed  by  a  Beckman  and  Whitley 
model  770  rotating-mirror  streak  camera,  oper¬ 
ating  at  600  revs  per  sec  with  an  80"  lens  and 
either  0.1  mm  or  0.2  mm  slit.  A  typical  writ¬ 
ing  speed  was  2  mm/psec.  In  most  of  the  experi¬ 
ments  70  mm  Kodak  Royal  X  film  was  used,  but 
towards  the  end  of  the  series,  Kodak  #2475  was 
substituted.  The  films  were  read  on  a  Tele- 
readex  with  a  resolution  of  141  counts/mm.  The 
systematic  error  in  the  variable,  time,  due  to 
error  in  film  reading  is  considered  to  be 
negligible . 

RESULTS  AND  DISCUSSION 

A  typical  camera  record  for  nitromethane 
is  in  Figure  1.  Three  shots  of  1,2-DP  at  suc¬ 
cessively  lower  shock  pressures  are  shown  in 
Figures  2  to  4.  The  films  were  interpreted  as 
in  Fig.  5  of  Ref.  2.  The  results  of  all  the 
experiments  are  in  Table  1.  No  experimental 
results  were  discarded. 

Since  in  the  present  experiments  the  in¬ 
itiating  charge  was  not  a  plane-wave  generator 
the  pressure  along  the  axis  of  the  liquid  is 
probably  decreasing  with  time.  However,  for 
the  time  being  let  us  assume  that  the  initiat¬ 
ing  charge  was  a  piston  of  constant  velocity. 

The  nitromethane  shot  in  Fig.  1  can  then  be 
analyzed  [3,10]  as  an  x-t  diagram  (Fig.  5) 
which  is  drawn  to  scale.  The  pressure  of  the 
shock  entering  the  liquid  was  83  kbar,  which 
from  the  Hugoniot,  corresponds  to  a  particle 
velocity  of  1.67  mm/psec,  a  shock  velocity  of 
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Fig.  1  -  Streak  camera  photograph  of 

shock  initiation  of  nitromethane 
at  83  kbar.  For  experimental 
conditions  see  Table  1 


Fig.  4  -  Streak  camera  photograph  of 
shock  initiation  of  1,2-DP 
at  75  kbar.  For  experimental 
conditions  see  Table  1 


Fig.  2  -  Streak  camera  photograph  of 

shock  initiation  of  1,2-DP  at 
78  kbar.  For  experimental 
conditions  see  Table  1 


Fig.  3  -  Streak  camera  photograph  of 

shock  initiation  of  1,2-DP  at 
76  kbar.  For  experimental 
conditions  see  Table  1 


Fig.  5  -  An  x-t  diagram  corresponding  to  Fig.  1 

4.39  mm/pLsec  and  a  density  of  1.824  g/cc.  From 
the  experiment,  the  reaction  time  was  1.17  (j-sec 
and  the  overtake  time  1.67  psec.  From  Fig.  5 
the  velocity  of  the  detonation  through  the  pre¬ 
shocked  nitromethane  is  therefore  10.6  ram/ Msec, 
compared  with  a  value  of  9.9  mm/ Msec  calculated 
by  extrapolating  the  detonation  velocity  as  a 
function  of  density  TlO],  The  detonation  vel¬ 
ocity  in  the  unshocked  nitromethane  is  calculat¬ 
ed  from  Fig.  5  to  be  4.1  mm/ Msec  compared  with 
the  observed  [11 ]  value  of  6.4  mm/ nsec.  The 
calculated  detonation  velocity  is  therefore  less 
than  what  it  should  be,  and  this  is  consistent 
with  the  initiating  pressure  decreasing  with 
time . 
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Table  1  Shot  Analysis 


SAMPLE 

INITIAL 

TEMP 

ATTENUATOR 

THICKNESS 

TRANSIT 

TIME 

NET  TIME 

peak  lruiit 

PRESSURE 

°C 

mm 

Msec 

Reaction 

psec 

Over 

Take 

Msec 

End 

psec 

kbar 

Spectro  quality 

40 

16.69 

2.89 

.40 

.51 

2.31 

94 

Nitromethane 

40 

18.67 

3.21 

.49 

.65 

2.68 

88 

40 

19.05 

3.29 

.58 

.79 

2.57 

87 

40 

19.74 

3.42 

.64 

.86 

2.80 

85 

40 

19.81 

3.43 

.61 

.86 

2.73 

85 

40 

20.83 

3.63 

.64 

.92 

3.25 

82  * 

40 

21.36 

3.74 

.96 

1.35 

2.92 

80 

40 

21.84 

3.83 

.74 

1.01 

3.20 

79 

40 

22.30 

3.93 

1.67 

2.43 

3.51 

78 

40 

22.40 

3.95 

1.90 

2.75 

3.19 

78 

40 

23.16 

fail 

76 

22 

15.88 

2.69 

0 

.07 

2.11 

98 

21 

15.88 

2.69 

.09 

.09 

2.22 

98 

21 

16.66 

2.83 

.15 

.29 

2.30 

95 

23 

19.05 

3.29 

.19 

.34 

2.26 

87 

18 

19.05 

3.29 

.28 

.45 

2.31 

87 

25 

19.27 

3.33 

.58 

.83 

2.63 

87 

25 

19.74 

3.42 

.66 

.93 

2.69 

85 

22 

19.84 

3.44 

.43 

.63 

2.29 

85 

16 

19.84 

3.44 

.48 

.72 

2.34 

85 

26 

19.86 

3.44 

.82 

1.17 

2.81 

85 

25 

20.47 

3.56 

1.17 

1.67 

2.94 

83  Fig .  1 

25 

21.36 

3.74 

1.48 

2.12 

3.13 

80 

25 

21.59 

3.78  * 

2.34 

3.34 

3.62 

80 

24 

22.28 

fail 

78 

25 

23.16 

fail 

76 

Gas  Chromat ©gra¬ 

25 

18.97 

3.27 

.55 

.76 

2.66 

88 

phically  Purified 

25 

19.81 

3.43 

.78 

1.11 

2.84 

85 

Nitromethane 

25 

20.66 

3.60 

1.40 

2.05 

3.18 

82 

25 

21.11 

3.69 

1.58 

2.28 

3.18 

81 

Spectro  quality 

6 

17.88 

3.06 

.62 

.90 

2.60 

91 

Nitromethane 

6 

18.87 

3.25 

1.02 

1.50 

2.76 

88 

6 

19.05 

3.29 

1.14 

1.68 

2.74 

87 

4 

19.74 

3.42 

1.51 

2.17 

3.11 

85 

4 

20.47 

3.56 

2.84 

— 

4.17 

83 

4 

21.01 

fail 

81 

6 

21.16 

fail 

81 

~ 

-  25 

18.29 

fail 

90 

~ 

-  25 

17.53 

fail 

92 

~ 

-  25 

15.39 

2.60 

.57 

.81 

2.48 

100 

Methyl  nitrite 

~ 

-  50 

19.05 

3.29 

.32 

.37 

2.44 

87 

-  50 

20.65 

3.60 

.73 

.84 

2.51 

82 

-  50 

22.23 

3.91 

1.11 

1.32 

2.76 

78 

~ 

-  50 

24.13 

4.30 

1.63 

2.12 

3.13 

73 

1 , 2-bis(dif luora- 

40 

17.67 

3.02 

.22 

.27 

2.27 

92 

mino)  propane 

40 

18.82 

3.24 

.28 

.37 

2.58 

88 

(1,2- DP) 

40 

19.84 

3.44 

.45 

.58 

2.78 

85 

40 

20.65 

3.60 

.86 

1.10 

3.02 

82 

41 

22.05 

3.88 

.90 

1.11 

3.00 

78  Fig. 2 

41 

23.16 

4.10 

1.23 

1.52 

3.14 

76  Fig. 3 

40 

23.44 

4.16 

2.07 

2.60 

3.60 

75  Fig. 4 

40 

24.03 

fail 

73 

0 

18.77 

3.23 

.14 

.43 

3.18 

88 

4 

20.22 

3.51 

.36 

.68 

3.20 

84 

6 

21.36 

3.74 

1.31 

1.82 

3.65 

80 

3 

22.29 

fail 

78 

Spectro  quality 

25 

20.57 

3.58 

.93 

1.31 

2.82 

83 

Nitromethane  with 

l%jvater  added 

In  this  shot,  the  depth  of  the  liquid  was 
1.9  cm  instead  of  the  usual  1.25  cm. 
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Table  1  Shot  Analysis  Continued 


SAMPLE 

INITIAL 

TEMP 

ATTENUATION 

THICKNESS 

TRANSIT 

TIME 

NET  TIME 

PEAK  LIQUID 
PRESSURE 

Over 

Reaction 

Take 

End 

°C 

mm 

Msec 

Msec 

Msec 

Msec 

kbar 

1 , 2-DP/Cyclohexane 

4 

19.02 

3.28 

.23 

.23 

3.46 

87 

(20/3.1  by  volume) 

4 

20.09 

3.49 

.21 

.34 

3.40 

84 

4 

21.03 

3.67 

.29 

.45 

3.46 

81 

2, 2-bis(dif luora- 

37 

16.81 

2.86 

.29 

.39 

2.63 

95 

mino)propane 

40 

17.55 

3.00 

.47 

.65 

2.74 

92 

(2, 2- DP) 

40 

18.75 

3.23 

.68 

.93 

2.67 

88 

40 

19.81 

3.43 

1.61 

2.20 

3.09 

85 

40 

20.55 

3.58 

1.77 

2.45 

3.18 

83 

40 

21.34 

3.73 

3.86 

80 

40 

21.44 

3.75 

1.78 

2.48 

3.50 

80 

40 

22.20 

fail 

78 

4 

12.85 

2.14 

.22 

.22 

2.33 

109 

4 

15.19 

2.56 

.37 

.57 

3.15 

100 

4 

16.91 

2.88 

.94 

1.35 

2.69 

94 

5 

17.84 

3.06 

1.75 

2.42 

2.94 

91 

5 

18.75 

fail 

88 

4 

18.80 

3.24 

3.16 

88 

4 

19.78 

fail 

85 

1 , 2-bis(difluora- 

40 

17.65 

3.02 

.38 

.52 

2.85 

92 

mino)- 2-methyl 

37 

19.67 

3.41 

.40 

.64 

2.69 

85 

propane  (IBA) 

41 

19.74 

3.42 

.79 

1.13 

2.99 

85 

40 

20.90 

3.65 

1.49 

2.84 

3.38 

82 

40 

21.59 

3.78 

1.74 

2.54 

3.48 

80 

40 

21.65 

3.80 

2.02 

2.97 

3.57 

80 

40 

22.43 

fail 

77 

8 

9.14 

1.49 

0.04 

0.04 

2.12 

125 

7 

12.60 

2.09 

.11 

.11 

2.21 

110 

5 

16.40 

2.78 

.35 

.50 

3.44 

96  * 

4 

17.57 

3.00 

.39 

.61 

3.13 

92  * 

4 

17.65 

3.02 

.55 

.88 

3.42 

92  * 

4 

18.58 

3.20 

.63 

.99 

2.24 

89 

10 

18.67 

3.21 

.52 

.74 

2.32 

88 

4 

18.69 

3.22 

.64 

1.25 

3.55 

88  * 

4 

18.80 

3.24 

.77 

1.19 

2.52 

88 

4 

19.18 

3.30 

1.07 

1.61 

3.56 

87 

4 

19.28 

fail 

87 

4 

19.55 

3.38 

2.11 

2.78 

4.06 

86  * 

5 

20.08 

3.49 

1.82 

2.66 

3.01 

84 

4 

20.21 

fail 

84 

1 , 2-bis(difluora- 

38 

20.57 

3.58 

.64 

.90 

2.94 

83 

mino)butane 

41 

22.15 

3.90 

1.30 

1.84 

3.19 

78 

40 

23.22 

4.11 

1.22 

1.75 

3.20 

75 

4 

19.13 

3.30 

.41 

.66 

2.38 

87 

4 

20.93 

fail 

82 

2, 3-bis(dif luora- 

40 

22.38 

fail 

78 

mino)butane 

10 

20.40 

fail 

83 

2, 2-bis(dif luora- 

40 

19.05 

3.28 

3.74 

4.94 

87 

mino)butane 

4 

17.78 

fail 

91 

In  this  shot,  the  depth  of  the  liquid  was 
1.9  cm  instead  of  the  usual  1.25  cm. 
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Although  the  pressure/time  profile  is  prob¬ 
ably  complex,  the  reaction  times  for  nitrometh- 
ane  observed  in  this  work  are  in  fair  agreement 
with  those  observed  by  other  workers  [3,12]. 

For  example,  at  86  kbar,  Campbell,  Davis  and 
Travis  found  that  the  reaction  time  was  2.26 
fisec,  whereas  in  the  present  work  at  the  same 
shock  pressure  of  86  kbar  the  reaction  time  is 
0.7  |isec.  The  effects  of  varying  the  shock 
pressure  and  varying  the  preshock  temperature 
on  the  reaction  time  were  also  in  agreement  with 
earlier  findings  (Fig.  6).  However,  it  was 
interesting  to  find  that  reducing  the  impurities 
in  the  nitromethane  from  around  3%  to  less  than 
0.5%  had  no  effect  on  the  reaction  time  (Fig.7). 
Similarly,  it  was  somewhat  surprising  to  find 
that  saturating  the  nitromethane  with  water  had 
no  effect  on  the  reaction  time  (Fig.  7). 

Methyl  nitrite  is  an  isomer  of  nitrometh¬ 
ane,  and  as  such,  may  be  expected  to  have  a 
similar  shock  temperature  for  the  same  shock 
pressure.  We  have  found  that  reaction  times 
for  methyl  nitrite  are  significantly  less  than 
those  for  nitromethane  (Table  1).  This  pro¬ 
vides  some  support  for  homogeneous  thermal 
explosion  theory  because  the  weakest  bond  in 
methyl  nitrite,  CH30-N0,  is  some  20  kcal/mole 
weaker  than  the  weakest  bond  in  nitromethane 
CH3-N02. 

The  availability  of  the  bis-dif luoramino 
alkane  isomers  and  homologs  provided  an  excel¬ 
lent  opportunity  to  test  the  effects  of  differ¬ 
ence  in  chemical  structure  on  shock  sensitivity 
with  the  minimum  of  physical  effects.  Reaction 
times  were  measured  as  a  function  of  peak  shock 
pressure,  and  of  pre-shock  temperature  for 

1.2- DP,  2,2-DP,  1,  2-DB,  2,2-DB,  and  IBA.  For 
each  liquid  the  reaction  time  decreased  with 
increasing  shock  pressure  and  increasing  pre¬ 
shock  temperature  as  expected.  However,  hom¬ 
ogeneous  thermal  explosion  theory  together  with 
subatmospheric  rate  data  predicted  that  2,2-DP 
would  have  a  shorter  reaction  time  than  1,2-DP, 
because  the  weakest  C-NFa  bond  in  2,2-DP  is  sig¬ 
nificantly  weaker  than  the  weakest  C-NFa  in 

1.2- DP  [13].  The  observed  results  were  exactly 
opposite  from  the  expected  (Fig.  8).  That  is, 
1,2-DP  had  a  significantly  shorter  reaction 
time  than  2, 2- DP  for  the  same  shock  pressure. 

We  have  postulated  that  this  result  is  caused 
by  a  different  rate  controlling  mechanism  at 
pressures  of  the  order  of  100  kbar  than  at  sub- 
atmospheric  pressures.  In  NF  compounds  which 
have  the  group  CHNFa ,  there  exists  the  possibil¬ 
ity  of  a  very  exothermic  four-center  elimination 
of  HF,  CHNF2  “•  CNF  +  HF.  Under  laboratory  con¬ 
ditions,  this  mechanism  may  not  be  observed  be¬ 
cause  it  has  a  tight  transition  state  and  there¬ 
fore  a  low  Arrhenius  A  factor.  However,  at 
high  pressure  the  equilibrium  for  the  HF  elimi¬ 
nation  is  far  over  on  the  side  of  products, 
whereas  for  the  C-N  bond  split  the  equilibrium 
is  close  to  the  undissociated  reactant  result¬ 
ing  in  negligible  net  reaction  and  little  heat 
release.  Geminate  compounds  with  the  structure 
R2C(NF2 )2  where  R  ^  H  cannot  undergo  four  cen¬ 
ter  elimnation  and  must  therefore  decompose  by 
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Fig.  6  -  Effect  of  preshock  temperature  on  the 
reaction  time  of  97%  pure  nitromethane 


REACTION  TIME  —  psec 

TA-8525-7 


Fig.  7  -  Effect  of  purity  of  nitromethane  on 

its  reaction  time  at  preshock  tempera¬ 
ture  of  25°C. 
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Fig.  8  -  Effect  of  preshock  temperature  on  the 
reaction  time  of  1,2-DP  and  2,2-DP 

a  mechanism  which  will  require  a  higher  activa¬ 
tion  energy.  The  above  postulate  has  received 
support  in  several  ways. 

The  reaction  time  results  show  that  vary¬ 
ing  the  preshock  temperature  has  a  much  bigger 
effect  on  2,2-DP  than  on  1,2-DP,  (Fig.  8). 

This  implies  that  the  reaction  time  for  2, 2- DP 
is  more  sensitive  than  the  reaction  time  for 
1,2-DP  to  variation  in  shock  temperature.  This 
in  turn  implies  that  the  activation  energy  for 
decomposition  for  2,2-DP  is  greater  than  that 
for  1,2-DP. 

In  the  laboratory,  using  CH3NF2  as  a  model 
compound,  David  S.  Ross  [13]  has  demonstrated 
the  feasibility  of  the  HF  elimination  by  prepar¬ 
ing  CH3NF2  in  a  chemically  activated  state  by 
combining  CH3  radicals  with  NF2  radicals,  and 
observing  the  production  of  HCN  and  HF. 

Another  area  of  support  comes  from  the 
reaction  time  measurements  for  the  butane  iso¬ 
mers  (Fig.  9).  There  was  only  enough  2,2-DB 
for  two  shots,  but  it  is  clear  that  the  reaction 
time  for  1,2-DB  was  significantly  less  than  that 
for  2,2-DB.  In  addition,  the  results  for  IBA 
were  intermediate  between  1,2-DB  and  2,2-DB.  It 
seems  possible  that  this  is  because  the  ordering 


Fig.  9  -  Effect  of  preshock  temperature  on  the 
reaction  time  of  the  NF  butanes 

of  the  total  number  of  molecules  of  HF  which 
can  be  eliminated  by  the  four-center  mechanism 
is  1,2-DB:  IBA:  2,2-DB  =  3:2:0.  An  interesting 
feature  of  the  results  is  that  1,2-DP  and 
1,2-DB  have  similar  reaction  times  (Fig.  10). 

This  is  consistent  with  homogeneous  thermal 
explosion  theory  because  the  Arrhenius  parame¬ 
ters  must  be  similar  and  the  shock  temperature 
calculations  showed  that  they  have  very  similar 
shock  temperatures  [13].  Dilution  of  1,2-DP 
with  about  6%  cyclohexane  so  that  the  mixture 
had  the  same  C*.H:N:F  ratio  as  1,2-DB  had  little 
effect  on  the  reaction  time,  suggesting  that 
overall  thermochemistry,  i.e.,  heat  of  detona¬ 
tion,  was  less  important  than  reaction  mechanism. 
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Fig.  10  -  Effect  on  the  reaction  time  of  1,2-DP 
of  diluting  by  CH2,  intramolecularly 
(i.e.,  1,2-DB),  and  intermolecula rly 
(cyclohexane  mix) 


CONCLUSIONS  AND  FUTURE  WORK 


It  has  been  shown  that  modified  gap-test 
experiments  can  be  used  to  obtain  fundamental 
shock  initiation  data.  All  of  the  results  can 
be  explained  in  the  light  of  homogeneous  ther¬ 
mal  explosion  theory  if  it  is  assumed  that  iso¬ 
mers  have  similar  shock  temperatures. 

The  main  conclusions  to  be  drawn  from  the 
NF  liquids  experiments  is  that  at  pressures  in 
the  100  kbar  regime  the  vicinal  compounds  con¬ 
taining  the  CHNF2  group,  decompose  faster  than 
those  having  a  geminate  structure,  C(NF2)2  and 
that  the  most  likely  reason  for  the  increased 
reactivity  of  the  vicinal  compounds  is  their 
ability  to  undergo  simple  four-center  elimina¬ 
tion  of  HF. 
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QUARTZ  GAUGE  STUDY  OF 
UPSTREAM  REACTION  IN  A  SHOCKED  EXPLOSIVE 


J.  E.  Kennedy 

Sandia  Laboratories 
Albuquerque ,  New  Mexico 


Shock  initiation  experiments  on  PBX-9404  explosive  have  been 
conducted  by  impacting  gun-driven  quartz  stress  gauges  into 
explosive  samples  backed  by  Plexiglas  buffer  discs  and  quartz 
gauges.  In  each  case  the  explosive  sample  thickness  was  in¬ 
sufficient  for  the  reaction  to  grow  to  high  order  detonation. 
Stress  histories  were  measured  both  at  the  impact  face  of  the 
explosive  and  at  the  opposite  face  (the  "downstream1'  face  of 
the  explosive)  for  time  periods  up  to  1.6  usee.  A  substan¬ 
tial  delayed  stress  excursion  was  observed  to  occur  at  a 
given  face  of  the  explosive  sample  whenever  the  initial  shock 
stress  at  that  face  exceeded  30  kbars .  These  stress  excur¬ 
sions  were  interpreted  to  indicate  chemical  energy  release. 

It  appears  that  this  reaction  occurring  well  behind  the  shock 
front  may  be  in  the  nature  of  a  thermal  explosion. 


INTRODUCTION 

Shock  initiation  experiments  on 
solid  and  liquid  high  explosives  have, 
until  quite  recently,  been  conducted  pri¬ 
marily  with  photographic  and  electronic 
instrumentation  methods  designed  to  ob¬ 
serve  only  the  front  of  a  shock  moving 
through  the  explosive.  This  paper  re¬ 
ports  results  of  shock  initiation  experi¬ 
ments  on  PBX-9404  which  were  conducted 
utilizing  Sandia  quartz  stress  gauges  (2) 
and  gas  gun  planar  impact  techniques. 

The  experiments  used  projectile-mounted 
impact  gauges  which  measured  the  stress 
history  at  the  impact  face  of  the  explo¬ 
sive  sample,  and  target  gauges  downstream 
of  the  samples  from  which  stress  histo¬ 
ries  at  the  downstream  face  of  the  explo¬ 
sive  could  be  derived. 

Initial  stress  into  the  impact  face 
of  the  PBX-9404  was  varied  from  15  to  30 
kbars.  In  each  experiment  the  thickness 
of  the  explosive  was  insufficient  to  per¬ 
mit  growth  of  the  reaction  to  high  order 
detonation;  this  was  done  so  that  the 
stress  history  of  the  reaction  could  be 
monitored  at  the  downstream  surface  of 
the  explosive  sample  at  some  intermediate 
stage  of  reaction  growth. 

When  the  initial  stress  at  a  given 
face  of  the  PBX-9404  was  above  30  kbars, 


either  at  an  impact  face  or  at  a  down¬ 
stream  face  after  some  buildup  had  oc¬ 
curred  in  the  run  through  the  sample 
thickness  ,  a  large  compressive  stress 
excursion  was  observed  well  behind  the 
initial  shock  front  (i.e.,  upstream  of 
the  shock  front) .  These  excursions  were 
greater  in  amplitude  and  followed  more 
closely  behind  the  shock  front  when  the 
initial  shock  strength  was  further  in¬ 
creased.  These  excursions  are  interpret¬ 
ed  as  delayed  chemical  energy  release. 

The  model  of  a  delayed  detonation 
wave ,  generated  behind  the  shock  front 
and  eventually  overtaking  it ,  has  been 
advanced  for  shock  initiation  of  homo¬ 
geneous  explosives  based  upon  experi¬ 
mental  work  of  Campbell  et  al.,  (3)  and 
computer  calculations  of  Hubbard  and 
Johnson  (4),  Mader  (5),  and  others. 
Several  years  ago  it  was  thought  that 
all  important  reaction  growth  in  shock- 
initiated  heterogeneous  explosives  oc¬ 
curred  at  the  shock  front  alone  (6). 
However,  separate  pieces  of  photographic 
evidence  recently  published  (7)  and  pre¬ 
sented  at  this  symposium  (8) ,  and  stress 
histories  measured  here  show  that  strong 
reaction  may  occur  well  behind  the  shock 
front  in  heterogeneous  explosives.  This 
new  evidence  indicates  a  need  for  de¬ 
velopment  of  a  new  model  for  initiation 
of  heterogeneous  explosives  which  will 
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account  for  substantial  chemical  reaction 
occurring  well  behind  the  shock  front  and 
which  may  contain  aspects  of  the  model 
for  homogeneous  explosives. 

This  paper  presents  first  the  ex¬ 
perimental  configuration  employed  in  this 
work.  Quartz  gauge  performance  and  limi¬ 
tations,  and  the  methods  of  treating 
gauge  data  to  determine  shock  states  are 
described  next.  Features  of  stress 
histories  thus  determined  for  the  impact 
face  and  for  the  downstream  face  of  PBX- 
9404  are  then  discussed.  A  correlation 
is  drawn  between  the  observed  stress  ex¬ 
cursions  and  a  parameter  representing 
severity  of  shock  loading  of  the  explo¬ 
sive.  Finally,  implications  of  the  ob¬ 
servations  and  the  correlation  upon  our 
picture  of  processes  in  reaction  growth 
are  discussed. 


Plexiglas  target  gauge  interface.  Plexi¬ 
glas  was  chosen  as  the  buffer  material 
because  its  shock  impedance,  although 
slightly  lower,  very  nearly  matches  that 
of  PBX-9404.  Any  reflections  from  the 
PBX-9404  -  Plexiglas  interface  back  into 
the  PBX  hence  would  be  ra ref active  rather 
than  compressive  and  presumably  would 
tend  to  quench  rather  than  enhance  reac¬ 
tion  occurring  behind  the  shock  front. 
Recent  work  by  Schuler  (17)  has  shown 
that  even  though  Plexiglas  II-UVA  has 
rate-dependent  mechanical  properties, 
the  effects  of  these  are  negligible  in 
our  experiments.  Our  standard  buffer 
thickness  (3  mm)  was  the  minimum  value 
that  wojld  preclude  a  double  transit  in 
the  buffer  by  the  shock  reflected  from 
the  Plexiglas-quartz  interface  during 
the  target  gauge  recording  time  of  1.66 
usee . 


EXPERIMENTAL  ARRANGEMENT 

The  experimental  components  and 
techniques  used  in  these  one -dimensional 
strain  (9)  impact  experiments  were  varia¬ 
tions  of  those  described  in  detail  by 
Ingram  and  Graham  (10)  in  this  symposium. 
The  gun  and  quartz  gauge  techniques  have 
been  developed  over  an  extended  period  by 
many  investigators  at  Sandia  (2,11-14). 
Experiments  were  performed  using  the 
Sandia  27-meter  compressed  gas  gun  with 
an  evacuated  barrel  of  6.35  cm.  nominal 
bore ,  in  which  projectiles  can  be  driven 
by  air  or  helium  to  velocities  as  high  as 
1.5  mm/ usee  (15).  Each  projectile  was 
faced  with  a  quartz  impact  gauge  from 
which  the  output  signal  was  received  by 
connection  through  the  target  assembly 
during  the  time  of  impact.  As  shown  in 
Fig.  1,  the  target  assembly  was  a  lami¬ 
nate  consisting  of  a  PBX-9404  disk  backed 
by  a  3  mm  thick  Plexiglas  II,  type  UVA 
disk  (16)  which  was  in  turn  backed  by  a 
quartz  gauge.  The  PBX-9404  was  bonded  to 
the  Plexiglas  with  Aron  Alpha  (16)  and 
the  Plexiglas-quartz  bonding  agent  was  an 
epoxy  resin  (16);  each  bond  was  0.01  mm 
or  less  in  thickness.  The  PBX-9404  in¬ 
itial  density  was  1.830  ±.006  g/enw. 

The  arrangement  thus  provided  two 
quartz  gauges,  an  "impact  gauge"  which 
monitored  the  stress  history  at  the  im¬ 
pact  and  a  "target  gauge"  which  monitored 
the  stress  history  transmitted  through 
the  Plexiglas  buffer  from  the  downstream 
face  of  the  explosive  sample.  The  intent 
in  interposing  an  unreactive  buffer  ma¬ 
terial  between  the  PBX-9404  and  the 
downstream  auartz  was  to  provide  "acous¬ 
tic  storage"  of  the  shock  wave  in  order 
that  significant  disturbances  would  not 
be  reflected  or  transmitted  back  into 
the  PBX  during  the  duration  of  the  ex¬ 
periment.  Measurements  of  the  "stored" 
wave  profile  were  then  made  at  the 
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Fig.  1  Projectile  Gauge  and 
Target  Assembly 
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In  preparing  the  experiments,  care 
was  taken  to  obtain  minimum  deviation 
from  flatness  and  parallelism  between 
faces  of  each  component  and  within  the 
projectile  assembly  and  target  assembly 
so  that  a  planar  input  shock  wave  could 
be  achieved  and  maintained  through  the 
sample.  Imprecise  alignment  of  the  pro¬ 
jectile  with  the  sample  or  misalignment 
within  the  target  laminate  results  in 
"tilt"  of  the  wave  front  relative  to  the 
sample  face  and  reduces  time  resolution 
of  the  stress-time  history.  Tilt  may  be 
estimated  by  the  apparent  risetime  of  the 
stress  jump  on  the  trace.  Each  explosive 
sample  was  set  in  the  bottom  of  a  cup  to 
provide  separation  from  the  gun  muzzle 
and  minimize  the  possibility  of  damage 
to  the  muzzle.  Further,  the  cup  was  sur¬ 
rounded  by  an  evacuated  steel  pipe  to  ab¬ 
sorb  blast  and  fragments,  and  to  localize 
any  unreacted  powder.  By  adjusting  three 
pairs  of  differential  mounting  screws  set 
in  the  base  of  the  cup,  the  target  as¬ 
sembly  within  the  cup  was  aligned  paral¬ 
lel  to  the  mounting  face  of  the  cup 
usually  within  0.005  mm  over  the  surface 
of  the  44.5-mm  diameter  PBX-9404  sample. 
Typical  tilts  occurring  in  these  experi¬ 
ments  were  about  1  milliradian ,  which  re¬ 
sulted  in  oscilloscope  trace  risetimes  of 
.01  to  .04  usee. 

Ramsay  and  Popolato  (18)  have  pub¬ 
lished  curves  showing  run  distance  to 
detonation  in  PBX-9404  as  a  function  of 
transit  time  and  of  shock  pressure. 

These  curves  proved  to  be  a  helpful  guide 
in  choosing  experimental  conditions  and 
in  selecting  vertical  oscilloscope  gains 
and  time  delays  between  impact  gauge  and 
target  gauge  oscilloscopes. 

EXPERIMENTAL  RESULTS 
Quartz  Gauge  Response 

Many  of  our  experiments  utilized 
quartz  gauges  at  stress  levels  beyond 
those  previously  thought  to  be  the  useful 
upper  limit.  Hence,  it  is  pertinent  to 
mention  limitations  of  the  quartz  gauge 
which  affect  our  interpretation  of  output 
current  waveforms.  Deviation  from  the 
basic  proportionality  between  time-re¬ 
solved  current  and  stress  below  26  kbar 
is  small  and  is  principally  due  to  varia¬ 
tion  of  the  piezoelectric  current  coeffi¬ 
cient  (2,19)  and  to  finite  strain  imposed 
on  the  gauge  during  wave  passage.  Cor¬ 
rections  were  made  for  these  deviations 
in  our  data  reduction. 

For  the  impact  gauges  ,  equal 
stresses  are  driven  into  the  gauge  and 
into  the  impacted  explosive  sample,  so 
the  gauge  reading  directly  indicates 
stress  history  at  the  impact  face  of  the 
explosive.  With  the  exception  of  portions 


portions  of  two  shots,  all  of  our  impact 
gauge  records  indicate  stresses  below  26 
kbars  at  all  times.  The  gauge  results 
are  accurate  to  within  ±2.5%  in  this 
stress  region. 

Because  of  shock  impedance  mis¬ 
matches  ,  stress  driven  into  the  target 
gauge  is  higher  than  that  incident  upon 
the  downstream  face  of  the  explosive, 
even  without  chemical  reaction  in  the  ex¬ 
plosive.  Our  target  gauges  thus  were 
subjected  to  stress  levels  from  25  to  80 
kbars,  which  is  beyond  the  linear  res¬ 
ponse  region  of  quartz.  However,  we  are 
able  to  interpret  our  data  in  this  stress 
region  on  the  basis  of  Grahamfs  (19)  re¬ 
cent  unpublished  studies  of  the  response 
of  quartz  in  this  stress  range.  For 
stresses  up  to  40  kbar  our  calculated 
stress  values,  which  ignore  the  high 
stress  nonlinear  effects,  are  probably 
low  by  about  5%.  These  data  are  shown 
in  Table  1  preceded  by  M>M  to  indicate 
the  direction  of  correction. 

For  stresses  greater  than  40  kbar 
Graham’s  results  indicate  more  complex 
nonlinear  effects  which  probably  cause 
our  calculated  stress  values  to  be  low 
by  as  much  as  10%.  Since  the  high  stress 
response  of  quartz  is  complex,  different 
stress  profiles  will  cause  different 
characteristic  responses.  Even  though 
our  particular  calculated  values  are 
lower  than  actual  stresses,  other  situa¬ 
tions  may  be  encountered  in  which  the 
calculated  values  would  be  higher  than 
actual  stresses  (20) . 

Gauge  Data  Treatment 

Impact  gauge  data  and  target  gauge 
data  were  treated  in  different  ways  in 
order  to  infer  incident  stresses  at  the 
appropriate  PBX-9404  faces.  Regarding 
impact  gauge  output,  the  measured  veloci¬ 
ty  of  the  quartz-faced  projectile  was 
used  in  conjunction  with  the  directly 
measured  stress  at  the  impact  interface 
to  determine  an  instantaneous  stress- 

state  in  the 
s  case  PBX-9404), 
as  depicted  graphically  in  Fig.  2.  The 
quantities  cre  and  au  also  shown  in  Fig.  2 
are  PBX-9404  impact  face  stresses  calcu¬ 
lated  for  the  given  impact  conditions  , 
assuming  the  PBX  to  have  the  "experi¬ 
mental"  or  "unreacted"  Hugoniot  (18), 
respectively.  Values  of  ae  and  au  were 
calculated  for  each  experiment  to  permit 
comparison  with  our  impact  gauge  results. 
As  implied  in  Fig.  2,  our  impact  gauge 
stresses  were  usually  lower  than  both 
ae  and  au .  These  results  will  be  dis¬ 
cussed  in  the  next  subsection. 

For  all  calculations  quartz  was 
assumed  to  behave  elastically  with  a 


particle  velocity  (ai,up) 
impacted  material  (in  tni 
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whether  chemical  reaction  causes  actual 
stress  to  be  greater  or  less  than  the 
stress  calculated  simply  by  use  of  the 
experimental  PBX-9404  Hugoniot  (18)  and 
its  reflection  for  loading  and  unloading, 
respectively.  However,  errors  due  to 
this  source  will  be  small  (probably  < 

10%)  because  of  the  small  difference  in 
impedance  between  the  Plexiglas  buffer 
and  PBX-9404. 

The  experimental  PBX-9404  Hugoniot 
of  Ramsay  and  Popolato  (18)  was  used  in 
these  calculations  because  it  pertains 
to  propagated  waves  and  because  the  pre¬ 
sence  of  a  buffer  layer  between  the  ex¬ 
plosive  and  our  target  gauge  slightly 
compromised  the  directness  of  our  propa¬ 
gated  wave  measurements.  For  polymethyl 
methacrylate  (PMMA) ,  the  composite 
Hugoniot  given  by  Deal  (21)  was  used. 
Calculated  stress  in  the  PBX-9404  was 
found  to  be  insensitive  to  the  choice  of 
PMMA  Hugoniot. 


Fig.  2  Determination  of  a  -  up  State 
from  Impact  Gauge  Output,  and 
Anticipated  Stresses  from 
Literature  Hugoniots  (18). 

wave  velocity  of  5.72  mm/usec  and  initial 
density  of  2.65  g/cnw  (2);  since  the 
Hugoniot  elastic  limit  of  quartz  is  62 
kbars  (19),  this  assumption  is  justified. 

Estimation  of  the  incident  stress  in 
PBX-9404  at  its  downstream  surface  from  a 
target  gauge  stress  reading  requires 
treatment  of  the  shock  interactions  which 
occurred  at  the  buffer-quartz  interface 
and  at  the  explosive-buffer  interface. 
Interactions  at  interfaces  between  dis¬ 
similar  materials  were  treated  by  re¬ 
flecting  the  Hugoniot  of  the  upstream 
material  about  the  up  value  of  its  inci¬ 
dent  state  in  the  a  -  up  plane  to  repre¬ 
sent  a  path  for  its  unloading  or  further 
shock  compression.  This  graphical  method 
is  illustrated  in  Fig.  3. 

Because  this  explosive  has  low  po¬ 
rosity  and  the  stresses  are  low  relative 
to  its  bulk  modulus ,  it  is  believed  that 
this  procedure  is  justified  whenever 
chemical  reaction  is  negligible.  When  a 
substantial  amount  of  delayed  chemical 
reaction  occurs ,  stress  in  the  PBX-9404 
will  be  increased  above  that  indicated  by 
the  experimental  Hugoniot  (18)  for  a 
iven  value  of  up ,  and  the  unloading 
sen trope  will  have  a  lower  slope  in  the 
a  -  up  plane  due  to  the  gaseous  nature 
of  the  reaction  products.  These  two  ad¬ 
justments  to  the  PBX  loading  and  unload¬ 
ing  loci  would  have  opposite  effects  upon 
the  values  of  PBX-9404  stresses  calcu¬ 
lated  from  target  gauge  data,  and  thus 
tend  to  offset  each  other.  Therefore, 
it  cannot  be  categorically  determined 


The  time-resolved  nature  of  quartz 
gauge  results  introduces  the  problem  of 
concisely  presenting  the  large  amount  of 
information  they  contain.  Both  the  im¬ 
pact  gauges  and  target  gauges  indicated 
significant  variations  in  stress  with 
time  --  mainly  at  very  early  times  for 
impact  gauges  and  at  later  times  for 
target  gauges.  Table  1  presents  data 
selected  to  represent  the  most  interest¬ 
ing  stress  variations  with  time  in  each 


Fig.  3  Determination  of  State  at 

Downstream  Face  of  PBX-9404 
from  Target  Gauge  Data  by 
Reflected  Hugoniot  Method 
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record.  Table  1  also  contains  some 
values  calculated  from  relations  for  PBX- 
9404  given  in  Ref.  18,  to  allow  compari¬ 
son  and  interpretation  of  our  data. 

Impact  Gauge  Results 

Stress  at  the  impact  face  of  the 
PBX-9404  sample  depended  markedly  on  time 
at  early  times.  At  impact  velocities  be¬ 
low  0.63  mm/usec  the  initial  stress  jump 
usually  was  followed  by  relaxation  in 
stress,  as  illustrated  in  Fig.  4(a),  of 
as  much  as  20%.  Samples  exhibiting  this 
relaxation  also  usually  exhibited  a  re¬ 
covery  or  slight  increase  in  stress  after 
about  1  usee.  This  delayed  increase  is 
likely  to  represent  mechanical  stiffening 
of  the  material  rather  than  chemical  re¬ 
action  ,  since  the  corresponding  target 
gauge  records  for  the  most  part  gave  no 
evidence  of  significant  early  reaction 
which  might  be  felt  by  the  impact  gauge. 

The  oscillogram  in  Fig.  4(b)  is  an 
example  of  an  experiment  in  the  lower 
velocity  range  in  which  stress  remained 
sensibly  constant  over  the  entire  gauge 
lifetime. 

At  velocities  above  0.63  mm/ usee,  a 
very  early  increase  in  stress  was  ob¬ 
served,  which  may  be  due  to  some  chemical 
energy  release  almost  immediately  behind 
the  input  shock  front,  or  may  be  a  mani¬ 
festation  of  strain-rate  dependent  stress 
behavior  as  was  observed  for  TNT  by 
Wasley  and  Walker  (22)  using  quartz 
gauges  at  low  stresses.  For  an  impact 
velocity  of  0.707  mm/usec  (Shot  641), 
chemical  reaction  appears  to  be  the  very 
likely  cause  of  the  extended  stress  rise 
observed  on  the  impact  gauge;  reaction 
may  also  be  responsible  for  the  milder 
excursion  at  the  impact  face  at  an  impact 
velocity  of  0.661  mm/usec  (Shot  658). 

Comparison  in  Table  1  of  impact 
gauge  results  with  calculated  stresses  ae 
and  ou  shows  that  a  PBX-9404  "Hugoniot" 
taken  from  our  impact  gauge  results  would 
lie  distinctly  below  both  Hugoniots  of 
Ramsay  and  Popolato  (18).  However,  the 
selection  of  a  single  stress  value  to  re¬ 
present  a  given  experiment  seems  inap¬ 
propriate  in  view  of  the  time  dependence 
of  the  sample  response.  The  true  time 
dependence  of  the  early  shock  response 
appears  to  be  on  a  shorter  scale  than  our 
tilt  or  sample  reproducibility  will  allow 
us  to  resolve,  since  our  impact  gauge 
data  exhibit  scatter  in  the  magnitude  of 
time  dependent  effects  among  shots  at 
similar  impact  velocity. 

Regarding  the  differences  in  stress- 
particle  velocity  states  as  determined 
from  our  gauge  observations  and  the  PBX- 
9404  Hugoniots  reported  by  Ramsay  and 


(d)  Shot  614,  Vp  =  .394  mm/usec. 
X-£  =  25.6  mm. 


X^  =  12.0  mm. 


Fig.  4  Quartz  Gauge  Oscillograms 
Indicating  PBX-9404  Impact 
Face  Stress  Histories 

Popolato,  we  suggest  that  over  the  stress 
range  reported  our  impact  gauge  method  is 
probably  a  more  direct  method  of  deter¬ 
mining  these  data.  The  unsteady  behavior 
which  we  observe  can  cause  difficulties 
in  the  analysis  of  propagated  profile 
measurements . 

In  Shot  659  no  buffer  was  used  be¬ 
tween  the  PBX-9404  and  the  target  gauge. 

A  compression  wave  therefore  was  reflect¬ 
ed  into  the  PBX-9404  from  the  interface 
with  the  target  quartz  gauge,  and  was 
subsequently  recorded  by  the  impact  face 
gauge.  This  indicates  the  feasibility 
of  studying  retonation  or  reflected  wave 
behavior  of  explosives  by  a  quartz  gauge 
method . 

Target  Gauge  Results 

Target  gauge  output  was  analyzed  as 
illustrated  in  Fig.  3  to  estimate  stress 
as  a  function  of  time  at  the  downstream 
face  of  the  PBX-9404  explosive.  This 
steady  wave  analysis  was  used  even  though 
nonsteady  effects  have  been  indicated  by 
the  impact  gauge.  It  should  serve  as  a 
first  order  estimate  to  show  the  magni¬ 
tude  of  the  growth  of  the  stress.  A  com¬ 
plete  treatment  would  require  information 
on  the  time -depen dent  response  functions 
of  the  buffer  and  the  unreacted  explosive, 
and  chemical  reaction  considerations  in¬ 
cluding  shock  loading  and  unloading  be¬ 
havior  of  the  partially  reacted  explosive. 
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Stresses  observed  in  the  gauge  at 
each  of  several  times ,  and  the  corre¬ 
sponding  stresses  calculated  in  the  PBX , 
are  listed  in  Table  1  for  each  experi¬ 
ment.  In  contrast  to  the  impact  gauge 
records ,  the  target  gauge  records  have 
more  rounded  initial  jumps  and  did  not 
exhibit  large  relaxations  in  stress  with 
time.  The  buffer  layer  apparently  caused 
the  rounding.  Time-resolved  measurements 
by  Halpin  and  Graham  (23)  of  stress 
histories  in  Plexiglas  at  the  impact 
interface  and  propagated  to  an  interface 
5  mm  downstream  showed  1)  a  relaxation 
in  stress  of  4%  in  1.1  usee  at  a  15-kbar 
level,  and  2)  the  propagated  stress  was 
about  10%  less  than  impact  stress. 

Dremin ,  et  al.,  (24)  estimated  that  each 
millimeter  of  PMMA  buffer  reduced  the 
transmitted  shock  velocity  by  0.5%  which 
corresponds  to  reducing  transmitted 
stress  by  about  27o/mm,  roughly  in  agree¬ 
ment  with  Halpin  and  Graham1 s  observa¬ 
tion.  Our  3  mm  buffer  then  might  reduce 
transmitted  stress  signals  by  ~  67o.  We 
have  not  yet  determined  a  transfer  func¬ 
tion  for  our  buffer  which  would  allow  us 
to  attempt  correction  for  the  attenuating 
effects  in  wave  propagation  through 
Plexiglas . 

Target  gauge  records  for  Shots  641 
through  648  as  listed  in  Table  1  showed 
stress  excursions  interpreted  to  repre¬ 
sent  clear  evidence  of  substantial  reac¬ 
tion  occurring  0.2  to  1.1  psec  behind 
the  shock  front.  Examples  of  these 
traces  are  presented  in  Fig.  5.  The 
gauge  output,  and  accordingly  the  inci¬ 
dent  stress  at  the  downstream  face  of  the 
PBX -9 404 ,  grew  in  some  cases  to  more  than 
twice  the  value  at  the  shock  front.  This 
increase  occurred  at  sufficiently  early 
times  relative  to  normal  gauge  recording 
time  that  it  was  clear  that  the  stress 
growth  was  real  and  not  an  anomaly  in 
quartz  response  at  the  higher  stress 
levels . 

ANALYSIS  OF  DATA 

Ramsay  and  Popolato  (18)  have  shown 
that  for  each  level  of  input  stress  , 
there  is  a  corresponding  propagation  dis¬ 
tance  to  reach  detonation  in  PBX-9404. 
This  correlation  is  given  in  a  log- log 
plot  in  Fig.  6.  The  method  of  evaluating 
parameters  discussed  below  is  also  demon¬ 
strated  in  Fig.  6. 

Let  us  denote  the  run  distance  re¬ 
quired  to  reach  detonation  as  X,  and  note 
that  X  is  a  function  of  input  stress  , 
X(a).  We  have  used  this  run  distance  to 
detonation  in  PBX-9404  as  a  correlation 
factor  for  our  data.  A  value  of  X  per¬ 
taining  to  conditions  at  the  impact  face, 
denoted  Xi ,  can  be  calculated  from  know¬ 
ledge  of  the  impact  stress.  In  order 


(a)  Shot  645,  vp  =  .595  mm/ usee. 
X^  =  8.0  mm. 


|— - 1  usee  - ^ - Time 

(for  both  traces) 

(b)  Shot  647,  Vp  =  .633  mm/ usee. 

X ,  =  6.7  mm. 


Fig.  5  Quartz  Gauge  Oscillograms 
Indicating  PBX-9404  Down¬ 
stream  Face  Stress  Histories 

that  our  calculations  of  X^  would  be  con¬ 
sistent  with  the  basis  of  Ramsay  and 
Popolato's  correlation,  we  evaluated  im¬ 
pact  stress  by  utilizing  our  observed 
impact  velocity  and  their  experimental 
PBX-9404  Hugoniot  (18);  values  of  impact 
stress  thus  calculated,  ae ,  are  listed 
in  Table  1.  Values  of  X^  for  all  impact 
experiments  are  also  given  in  Table  1. 
They  were  calculated  from  an  algebraic 
expression  of  the  function  X(a)  shown  in 
Fig.  6, 

In  =  7.638722  -  1.568639  to  oe  ,  (1) 

where  X^  is  in  mm  and  ae  is  in  kbar. 

As  mentioned  previously,  each  of 
our  experiments  was  performed  with  a 
sample  of  thickness,  h,  less  than  the 
run  distance  required  to  reach  deto¬ 
nation,  i.e.  ,  h  <  X^.  Knowing  X^  at  the 
impact  face  and  the  sample  thickness  h, 
it  was  simple  to  compute  a  value  of  Xd  , 
defined  as  the  remaining  run  distance  to 
detonation  for  the  disturbance  reaching 
the  downstream  face  of  the  explosive. 

Xd  =  X£  -  h  .  (2) 

Values  of  X^  are  also  tabulated  in  Table 
1  for  each  experiment. 
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Fig.  6  Run  distance  to  detonation, 

X,  in  1.83g/cm3  PBX-9404  as 
Function  X  (^PEX-gAO^  <18)- 
Dotted  lines  demonstrate 
evaluation  of  X  at  impact 
face  (X^)  and  downstream 
face  (Xd)  of  PBX-9404  sample, 
and  anticipated  initial  stress 
at  Xd,  ad(Xd) .  h  =  PBX-9404 
sample  thickness. 

Since  the  downstream  face  of  each 
sample  may  be  considered  to  be  "along 
the  way"  in  reaction  growth  toward  deto¬ 
nation  ,  it  is  of  interest  to  examine 
whether  the  X(a)  curve  is  followed  in  the 
buildup  process  in  a  given  explosive 
sample.  That  is,  as  the  detonation  plane 
is  approached  by  travel  through  the 
sample,  the  value  of  X  may  be  expected  to 
decrease  because  of  the  reaction  growth. 
The  question  we  wish  to  examine  is:  does 
the  stress  in  the  PBX  grow  in  accordance 
with  this  decrease  in  X,  according  to  the 
relation  a(X)  derived  by  inverting  the 
given  function  X(a)?  Let  us  define  a 
stress  ad(Xd)  calculated  from  the  value 
of  Xd  at  the  downstream  face  of  the  PBX- 
9404  sample  according  to  an  inverted  form 
of  Eq.  (1), 

Id  ad(Xd)  =  4.869649-0.637495  tn  Xd  ,  (3) 

and  compare  these  stress  values  with  the 
measured  downstream  PBX-9404  stress  pro¬ 
files  ad(t).  As  shown  in  Table  1,  the 
initial  measured  stresses  ad(t)  are  sig¬ 
nificantly  lower  than  the  corresponding 
calculated  values  crd(Xd)  .  Agreement 
improves  at  high  input  stress  levels. 


Study  of  Table  1  reveals  that  in 
each  case  where  reaction  appeared  with¬ 
in  a  microsecond,  the  value  of  X  was  10 
mm  or  less.  This  pertains  for  the  impact 
stress  profiles  of  Shots  641  and  658,  and 
for  the  downstream  stress  profiles  of 
Shots  641  through  648  as  listed  in  the 
table.  Stress  growth  appeared  to  occur 
more  rapidly  and  closer  to  the  shock 
front  as  X  was  decreased. 

Each  record  showing  distinct  reac¬ 
tion  was  observed  to  have  terminated  pre¬ 
maturely  (i.e.,  at  less  than  normal 
gauge  lifetime) .  While  in  some  cases  the 
gauges  may  have  been  driven  gradually  out 
of  their  stress  range  and  in  other  cases 
mechanical  failure  of  the  gauge  may  have 
occurred,  it  was  hypothesized  that  record 
termination  in  each  case  was  due  to  oc¬ 
currence  of  a  strong  reaction  which 
abruptly  drove  the  signals  off  scale. 

Fig.  7  shows  the  time  of  record  termi¬ 
nation  (denoted  as  an  "induction  time") 
for  each  gauge  monitoring  an  explosive 
face  where  X  <  10  mm,  as  a  function  of  X. 

Two  results  obtained  by  Gittings 
(25)  bracketing  the  impact  pulse  dura¬ 
tion  necessary  to  accomplish  initiation 
of  PBX-9404  are  also  plotted  in  Fig.  7. 
She  reported  the  impact  of  PBX-9404 
samples  by  Dural  of  49.5  mil  thickness 
at  0.75  mm/ usee  (resulting  in  failure  to 
initiate  detonation)  and  of  62.5  mil 
thickness  at  0.78  mm/ usee  (resulting  in 
detonation).  For  each  set  of  conditions 
we  calculated  impact  stress  (using  data 
from  Ref.  18  and  26) ,  associated  run 
distance  to  detonation  (18),  and  loading 
pulse  duration.  Gitting's  data  (marked 
with  arrows  in  Fig.  7  to  show  direction 
to  initiation  threshold)  then  correlate 
nicely  with  ours.  In  plotting  her  data 
in  this  way,  the  inference  is  that  if  a 
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delayed  release  of  explosive  energy  at 
the  impact  were  crucial  for  initiation 
at  the  shock  levels  of  her  experiments  , 
the  energy  release  could  not  be  lagging 
the  front  by  more  than  the  duration  of 
the  pulse,  or  failure  to  initiate  would 
result. 

A  straight  line  appears  to  be  a 
reasonable  fit  to  the  data,  which  show 
surprisingly  little  scatter.  The  line 
extrapolates  to  X  ^  4.5  mm  when  the 
"induction"  time  or  lag  of  the  hypothe¬ 
sized  strong  reaction  intercepts  zero, 
i.e.  ,  when  the  strong  reaction  would  be 
expected  to  occur  very  close  behind 
shock  front.  Craig  and  Marshall  (8)  also 
estimate  that  a  strong  reaction  in  PBX- 
9404,  initially  well  behind  the  shock 
front,  occurs  very  shortly  behind  the 
front  when  X  =  5  -  6  mm.  In  this  vicini¬ 
ty  the  shock  front  stress  a(X)  in  PBX- 
9404  is  40  to  50  kbars,  according  to 
Eq.  (3). 

The  apparent  common  correlation  in 
Fig.  7  of  time  lag  to  occurrence  of 
strong  reaction  at  impact  faces  and  at 
downstream  faces  further  suggests  that 
the  delay  time  is  independent  of  the 
neighborhood,  that  each  element  inde¬ 
pendently  experiences  a  delay  probably 
determined  by  the  strength  of  the  slowly 
growing  shock  front  which  first  excited 
it. 

DISCUSSION  AND  CONCLUSIONS 

Wackerle  and  Johnson  (27)  have  also 
performed  front-back  quartz  gauge  mea¬ 
surements  with  a  gun  technique  on  PETN 
pressings  in  a  manner  analogous  to  that 
reported  in  this  paper.  Their  observa¬ 
tions  of  stress  waveforms  at  the  impact 
interface  and  those  emerging  from  target 
explosive  samples  corresponded  to  our 
observations  with  PBX-9404  except  that 
the  excursions  were  more  vigorous  at 
similar  input  stress  levels,  due  to  the 
higher  sensitivity  of  PETN. 

Delayed  stress  excursions  which  may 
be  interpreted  as  substantial  reaction 
well  behind  the  shock  front  have  also 
been  observed  in  recent  photographic 
studies  on  PBX-9404  by  Craig  and  Marshall 
(8)  and  on  PETN  pressings  by  Stirpe , 
Johnson,  and  Wackerle  (7).  The  "ioni¬ 
zation  pulse"  observed  well  behind  the 
shock  front  in  Composition  B  by  Clay,  et 
al.,  (28)  may  also  be  interpreted  as  due 
to  delayed  reaction. 

Reaction  Growth 

Growth  of  reaction  at  the  shock 
front  in  heterogeneous  explosives  has 
been  attributed  to  microscopic  reaction 
sites  at  points  of  shock  interaction  in 


a  rough  shock  front  (6).  The  newly- 
observed  development  of  substantial  re¬ 
action  well  behind  the  front,  however, 
is  viewed  as  a  form  of  thermal  explosion. 
When  the  shock  stress  is  sufficiently 
high  to  cause  the  time  lag  for  the 
thermal  explosion  to  be  very  small,  the 
contributions  from  interactions  and  from 
thermal  runaway  will  be  indistinguishable 
in  time,  and  the  maximum  stress  may  be 
expected  to  occur  at  the  shock  front. 

We  have  not  attempted  to  experimen¬ 
tally  examine  conditions  in  PBX-9404  at 
X  <  5  mm,  because  we  are  already  in  an 
uncomfortably  high  stress  environment 
for  quartz  gauge  utilization.  The  data 
of  Craig  and  Marshall  (8),  however,  at 
X  <  5  mm  appear  to  indicate  a  shock  front 
with  no  strong  stress  excursions  follow¬ 
ing  the  front.  This  indicates  that  tran¬ 
sition  to  growth  at  the  shock  front  is 
probably  present  for  PBX-9404  at  a  posi¬ 
tion  near  the  estimated  value  of  X  =  5  mm. 

Overshoots  in  detonation  velocity 
have  been  noted  (3)  for  shock-initiated 
homogeneous  explosives  and  have  been 
ascribed  to  the  overtaking  of  the  es¬ 
sentially  unreactive  shock  front  by  a 
strong  reaction  wave  (actually  a  super¬ 
detonation).  The  model  of  growth  at  the 
shock  front  alone  in  heterogeneous  explo¬ 
sives  (6)  does  not  admit  detonation  over¬ 
shoot.  There  are  several  reported  ob¬ 
servations  of  overshoot  with  hetero¬ 
geneous  explosives,  however,  including 
pressed  PETN  (7)  ,  pressed  TNT  (29)  ,  and 
pentolite ,  tetryl ,  and  cyclotol  (30). 

To  account  for  these  overshoots  in  heter¬ 
ogeneous  explosives  it  would  appear  that 
the  reaction  occurring  behind  the  front 
would  have  to  have  a  "wave"  character, 
in  which  energy  release  from  one  element 
would  increase  the  pressure  in  the  for¬ 
ward  neighboring  element  in  time  to  en¬ 
hance  its  reaction. 

The  chemical  reaction  rate  expres¬ 
sion  of  a  mathematical  model  suggested 
by  Bernier  (31)  for  initiation  of  granu¬ 
lar  explosive  compacts  contains  a  factor 
linear  in  pressure  as  well  as  an  expo¬ 
nential  (Arrhenius)  factor.  This  model 
appears  capable  of  describing  slow  growth 
at  the  shock  front,  an  excursion  in  pres¬ 
sure  behind  the  front,  and  abrupt  explo¬ 
sion  after  some  delay  time  following 
shock  passage.  It  deserves  attention  in 
view  of  these  recent  observations. 
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A  fast  photo  multiplier  and  oscilloscope  have  been  used  to  study 
the  rapid  phenomena  of  transmission  of  detonation  in  liquid  explo¬ 
sives  through  a  barrier  of  0.25  mm  thick  plastic  film  in  30  mm 
cylinderical  charges.  The  spectral  distribution  of  the  light  and 
the  temperature  variation  in  the  re-initiation  process  have  been 
studied,  as  well  as  the  influence  of  donor  charge  detonation 
pressure . 

All  explosives  investigated,  which  included  NG,  EGDN,  and  NM,  as 
well  as  mixtures  between  two  of  these  and  also  solutions  in  either 
of  these  of  RDX,  PETN,  TNT,  DNT ,  MNT ,  toluene,  and  metanol,  were 
found  to  have  a  common  pattern  of  behaviour.  This  pattern  was  found 
to  change  with  the  initiating  pressure  level.  Immediate  re-initia- 
tion  (within  less  than  5  nsec)  occurred  at  shock  pressures  high  above 
their  own  detonation  pressure.  Delayed  initiation  with  shock  catch¬ 
up  and  overshoot  occurred  at  lower  pressure.  At  the  lowest  pressures 
investigated,  a  previously  unknown  pattern  similar  to  that  common  in 
pressed,  inhomogeneous  explosives  was  observed. 

Differences  between  different  explosives  in  their  chemical  reactivity 
appear  to  have  only  a  small  effect  on  the  delay  time  before  detona¬ 
tion  occurs  in  initiation  with  intense  shock  from  a  given  donor 
system.  The  shock  compression  temperature,  which  increases  rapidly 
with  decreasing  shock  impedance,  appears  to  be  the  decisive  factor. 


INTRODUCTION 

The  basic  feature  of  the  chemical 
reaction  in  initiation  and  detonation 
of  high  explosives  is  the  rapid  increase 
in  reaction  rate  with  temperature.  This 
is  most  clearly  illustrated  by  the 
temperature  dependence  of  the  slow  de¬ 
composition  of  explosive  compounds.  In 
that  temperature  region,  an  increase  in 
temperature  of  10°C  results  in  an  in¬ 
crease  in  reaction  rate  by  a  factor  of 
lj 

10  or  more.  With  increasing  tempera¬ 
ture,  this  factor  becomes  less,  but 
even  at  a  temperature  of  1500°C,  an 
extrapolation  of  the  Arrhenius  equation 
indicates  that  a  10°C  temperature  in¬ 
crease  will  increase  the  reaction  rate 
by  a  factor  of  1.25*  This  is  the 
reason  why  the  initiation  and  detona¬ 
tion  behaviour  of  most  inhomogenous 
explosives  is  dominated  by  the  reaction 
starting  at  points  of  locally  increased 
temperature.  Such  hot  spots  are  gene¬ 


rated  by  concentration  of  compressional 
energy  at  inhomogeneities  such  as 
cavities  of  gasbubbles,  grains  of 
foreign  material  or  grains  of  another 
explosive.  They  can  also  be  generated 
by  local  frictional  or  viscous  heating. 
(Bowden  and  co-workers  19^7,  Bowden  and 
Yoffe  1952). 

In  the  absence  of  hot  spots,  secon¬ 
dary  explosives  as  a  rule  require  quite 
high  shock  pressures  for  initiation.  A 
shock  of  a  few  kb  will  initiate  reac¬ 
tion  and  detonation  in  nitroglycerine 
containing  a  sufficient  number  of  air 
bubbles,  whereas  a  shock  of  about  100 
kb  is  required  for  reaction  and  detona¬ 
tion  to  occur  in  homogeneous,  bubble- 
free  nitroglycerine. 

These  differences  between  homo¬ 
geneous  explosives  were  clarified  by 
Campbell,  Davis  and  Travis  (1961)  and 
Campbell,  Davis,  Ramsay  and  Travis 
(1961).  Homogeneous  liquid  explosives 
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may  be  initiated  by  low  amplitude  shocks, 
however,  if  the  shock  interaction  with 
the  boundary  results  in  cavitation.  By 
the  process  of  cavitation  bubble  genera¬ 
tion,  the  homogeneous  explosive  is 
transformed  to  an  inhomogeneous  explo¬ 
sive,  so  that  initiation  occurs  later 
in  the  shock  reverberation  process 
(Winning  1963).  Van  Dolah  and  co-workers 
(1965)  have  shown  that  the  process  of  low 
velocity  detonation  in  liquid  explosives 
in  tubular  containers  is  of  a  similar 
nature.  The  precursor  shock  in  the  tube 
wall  material  generates  cavitation  bubbles 
which  will  act  as  sensitive  hot  spots  in 
the  detonation  reaction. 

In  homogeneous  explosives,  even  a 
high  intensity  shock  wave  will  at  first 
cause  no  measurable  chemical  reaction, 
and  the  explosive  behaves  like  an  inert 
liquid.  After  an  induction  period,  the 
length  of  which  is  dependent  upon  the 
shock  pressure,  a  high  rate  of  reaction 
develops  rapidly  at  or  very  close  to  the 
shock  entry  boundary.  This  reaction 
creates  a  detonation  wave  that  propa¬ 
gates  in  the  shock  compressed  explosive 
and  catches  up  with  the  shock  front. 

Because  this  detonation  is  associated 
with  a  particle  velocity  higher  than  that 
in  a  normal  one-step  detonation,  it  will 
briefly  over-drive  the  detonation  after 
catch-up.  The  over-driven  detonation 
then  gradually  decays  into  a  normal 
steady  state  detonation.  Those  features 
were  first  observed  by  Campbell,  Davis, 
and  Travis  (1961)  in  experiments  with 
liquid  explosives  using  a  streak  camera 
and  initiating  shock  pressures  equivalent 
to  induction  periods  of  the  order  of  a 
microsecond.  Single  crystal  RDX  and  PETN 
were  found  by  Cachia  and  Whitbread  ( 1 958 ) 
to  behave  in  a  similar  way. 

Using  a  donor-barrier-receptor  charge 
arrangement  with  nitromethane  charges  and 
polyethylene  barriers  together  with  a  fast 
photo  multiplier  recording  system,  Persson, 
Andersson  and  Stahl  (1963)  found  this  re¬ 
initiation  behaviour  to  prevail  even  with 
barriers  as  thin  as  15  ji. 

The  present  study  was  undertaken  to 
investigate  in  some  further  detail  the 
temperature  involved  in  this  process  and 
also  to  make  a  survey  of  different  explo¬ 
sives  in  an  effort  to  find  evidence  for 
possible  differences  in  reaction  kinetics 
between  different  chemical  compositions. 

We  have  used  a  similar  rapid  photo 
multiplier  system  to  that  used  in  the 
previous  studies  (Persson  at  al  1963), 
to  record  the  light  emitted  in  the  forward 
direction  during  initiation. 

EXPERIMENTAL 

Figure  1  shows  the  standard  charge 
arrangement  used  throughout  the  investi¬ 


gation.  The  donor  charge  of  length  to 
diameter  ratio  5  is  contained  in  a 
30  mm  internal  diameter,  2  mm  wall 
thickness  paper  bakelite  tube.  It  is 
initiated  by  a  booster  charge  of 
length  x  diameter  equal  to  58x29  mm  of 
pressed  96/4  RDX/wax  of  initial  density 
1.61  g/cm^  or  pressed  90/10  PETN/Paraf f in 
wax  of  initial  density  1.54  g/cm^,  in 
turn  initiated  by  a  pressed  TNT  cylinder 
of  length  x  diameter  25x15  mm,  containing 
a  no  8  electric  blasting  cap  in  a  20  mm 
deep  central  hole. 

The  receptor  charge  is  contained  in 
a  central  15  mm  diameter  cylindrical 
cavity  in  an  8  mm  thick  plate  of  bakelite 
closed  against  the  donor  explosive  by  a 
black  PVC  (Kobex)  barrier  of  normal 
thickness  0.25  mm,  and  closed  towards  the 
photo-multiplier  optical  system  with  an 
0.1  mm  thick  cover  glass  window.  The 
receptor  charge  cavity  was  filled  using 
a  hypodermic  syringe  inserted  through  a 
radial  1  mm  diameter  hole.  After 
filling,  the  hole  was  blocked  by  a  1.2 
mm  brass  screw,  threaded  into  the  hole. 
Great  care  was  taken  to  remove  all 
visible  air  bubbles  from  the  cavity. 

The  charge  arrangement  was  placed 
at  the  firing  site  in  a  vertical  posi¬ 
tion  with  the  short  empty  lower  tube 
fitting  into  a  hole  through  a  wooden 
baseplate.  This  served  as  the  bottom 
closure  of  a  0.5  m  edge  cubic  cover  of 
black  PVC.  In  this  way,  no  detonation 
light  except  that  emitted  through  the 
cover  glass  window  was  allowed  to  fall 
via  the  45  degree  mirror  and  bunker 
Perspex  window  into  the  photomultiplier 
optical  system.  Without  the  black  PVC 
cover,  minute  scratches  and  specks  of 
dust  on  the  mirror,  window  or  lens 
surface  were  found  occasionally  to 
transmit  enough  diffuse  light  from  the 
initiator  and  donor  charge  detonation  to 
cause  premature  triggering  of  the  signal- 
triggered  Tektronics  519  oscilloscope 
used  for  recording. 

In  one  series  of  experiments,  narrow 
bandwidth  interference  filters  (100  A 
half-width)  were  used  to  analyse  the 
relative  intensities  of  the  light  emitted 
from  the  initial  detonation  in  the  pre¬ 
compressed  liquid,  the  over-driven 
detonation,  and  the  final  steady  detona¬ 
tion  as  functions  of  wave-length. 

In  several  series  of  further 
experiments,  different  liquid  explosives, 
mixtures  between  these,  and  also  mixtures 
between  liquid  explosives  and  different 
explosive  or  inert  substances  were  used 
as  donor  or  receptor  charge.  All 
recordings  in  these  further  experiments 
were  made  without  filters. 

The  optical  system,  photo  multiplier, 
and  oscilloscope  arrangement  has  been 
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described  in  detail  in  a  previous 
paper  (Persson  et  al.  1963).  By  a 
standard  400  mm  objective  with  a 
built-in  variable  aperture,  an  end-on 
view  of  the  acceptor  charge  is  focussed 
on  a  pin-hole  diaphragm,  so  that  light 
from  a  small  central  part  of  the  acceptor 
along  the  charge  axis  is  allowed  to 
reach  the  multiplier  cathode.  With  a 
pin-hole  diameter  of  0.5  mm,  an  objec¬ 
tive  aperture  setting  of  1:22  and  an 
obj ect-to-lens  distance  of  1  m,  the 
whole  thickness  of  the  acceptor  charge 
is  within  the  depth  of  focus,  and  the 
diameter  of  that  part  of  the  acceptor 
from  which  the  light  is  recorded  is 
1  mm.  For  the  series  of  experiments 
with  narrow  band  interference  filters, 
it  was  necessary  to  use  larger  pin¬ 
holes,  up  to  2  mm  diameter,  and  a 
greater  aperture  opening,  up  to  1:5*6. 
Even  with  these  values,  effects  due  to 
detonation  front  curvature  and  decreased 
depth  of  focus  were  negligible. 

A  considerable  part  of  the  experi¬ 
ments  were  made  with  an  oscilloscope 
sweep  rate  of  50  nsec /cm.  It  would 
have  been  advantageous  to  have  the 
oscilloscope  triggered  at  the  time  when 
the  donor  charge  detonation  reached  the 
barrier.  The  necessary  accuracy  in 
triggering  would,  however,  have 
required  a  considerable  complication  in 
charge  preparation.  For  the  sake  of 
simplicity,  triggering  was  therefore 
made  on  the  first  light  recorded.  A 
2o  nsec  delay  cable  was  incorporated 
to  delay  the  input  voltage  signal 
relative  to  the  trigger  input  signal. 

Each  record  thus  includes  a  sweep  of 
20  nsec  before  the  time  of  triggering. 

Figure  2  shows  typical  records  of 
the  initiation  of  nitromethane  (NM) 
through  barriers  of  0.14,  0.25,  and 
0.75  mm  black  PVC,  using  NM  as  a  donor 
charge.  All  three  records  show  the 
typical  homogeneous  explosive  initia¬ 
tion  behaviour.  The  first  plateau  is 
the  light  emission  from  the  detonation 
in  the  shock  compressed  material.  At 
the  end  of  the  plateau,  there  is  a 
rapid  increase  in  emission  when  the 
detonation  catches  up  with  the  shock 
front,  followed  by  a  slowly  decaying 
over-driven  detonation  gradually 
approaching  the  emission  of  a  steady 
normal  detonation. 

THE  SPECTRAL  DISTRIBUTION  OF  LIGHT  AND 
ESTIMATION  OF  TEMPERATURES  IN  INITIA¬ 
TION 

In  a  first  series  of  experiments, 
narrow  band-width  interference  filters 
were  used  to  analyse  the  spectral  dis¬ 
tribution  of  the  light  emitted.  10 
filters  were  used,  with  peak  emission 
wave  lengths  at  4000,  4330,  4660,  5000 


etc .  up  to  7000  A. 

Figure  3  shows  records  of  the  total 
emission  and  that  transmitted  trough  a 
4000  and  a  6330  A  filter  during  re-ini¬ 
tiation  of  a  detonation  in  NM  ( NM  in 
donor  and  acceptor  charge)  behind  an 
0.25  mm  black  PVC  barrier.  All  three 
records  show  the  same  general  features. 

It  is  seen  that  the  short  wavelength 
light  increases  steadily  up  to  the  point 
of  shock  catch-up,  whereas  the  longer 
wavelength  light  and  the  total  light, 
which  is  dominated  by  the  longer  wave¬ 
lengths,  both  show  a  marked  plateau.  A 
fairly  large  number  of  records  were 
analysed.  The  sensitivity  of  the  56  AVP 
multiplier  with  an  Sll  phosphor  at 
6000-7000  A  is  only  a  small  fraction  of 
its  peak  sensitivity  at  4250  A.  This 
had  to  be  compensated  by  changes  in  pin¬ 
hole  size  and  lens  aperture  settings.  No 
effort  was  made  to  obtain  an  absolute 
calibration.  Instead,  the  plateau  deto¬ 
nation  light  intensity  E^  and  peak  over¬ 
drive  detonation  light  intensity  E~  were 
measured  relative  to  the  steady  detona¬ 
tion  light  intensity  E  for  each  record 
separately.  Figure  4  shows  these  inten¬ 
sities  plotted  versus  wave-length  on  the 
assumption  that  the  steady  state  detona¬ 
tion  emits  black  body  radiation  at  a 
temperature  of  3800°K.  This  is  the  steady 
state  temperature  obtained  for  NM  by 
Gibson,  Bowser,  Summers,  Scott,  and 
Mason  (1958).  Mader  (private  communica¬ 
tion,  1968)  has  reported  somewhat  lower 
temperatures  obtained  from  calculations 
using  the  Becker-Kistiakowsky-Wilson 
equation  of  state.  The  steady  state 
temperature  was  3120°K,  the  pre-compres- 
sed  detonation  temperature  was  28lO°K,  and 
the  peak  over-drive  temperature  4300°K, 
all  corresponding  to  an  initial  85  kb 
shock,  heating  the  NM  to  1198°K.  We 
find  from  the  present  results  that  the 
emission  temperature  is  between  400  and 
450°K  higher  for  the  over-drive  detona¬ 
tion  and  between  250  and  300°K  lower  for 
the  pre-shock  detonation  than  the  steady 
state  detonation  emission  temperature. 
There  is  a  tendency  for  the  long  wave¬ 
length  points  to  fall  above  and  the  short 
wave-length  points  to  fall  below  the 
best  fitting  black  body  curve. 

We  find  also  that  the  rise  time  at 
catch-up  is  essentially  independent  of 
the  wave-length  but  that  it  increases 
with  increasing  barrier  thickness.  The 
values  for  the  thin  barrier  are  only 
slightly  greater  than  the  multiplier 
rise  time  (  ^  2  nsec). 

The  first  light  rise  time,  on  the 
other  hand,  increases  considerably  with 
decreasing  wave  length  from  about  20  nsec 
at  7000  A  to  over  80  nsec  at  4000  A.  We 
take  this  to  indicate  that  the  reaction 
products  are  slightly  transparent  to  the 
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short  wave-length  light.  The  pre-shock 
detonation  travels  nearly  1  mm  in  the 
longest  rise  time  recorded,  80  nsec. 

EFFECTS  OF  INITIATING  PRESSURE  LEVEL 

In  a  second  series  of  experiments, 
we  investigated  the  effects  on  the  ini¬ 
tiation  process  of  varying  the  initia¬ 
tion  pressure  in  NM  and  nitroglycerine 
(NG).  Several  liquid  solutions  of  TNT 
in  NG  and  of  NM  in  NG  were  also  investi¬ 
gated.  To  obtain  different  initiating 
pressures,  we  used  a  range  of  donor 
charges  of  different  pure  and  mixed 
explosives . 

Table  1  shows  a  representative 
selection  of  donor  explosives  used. 

The  detonation  pressures  are  the  best 
available  measured  values  for  the  pure 
explosives.  For  mixtures*  pressures 
were  estimated  on  a  basis  of  linear 
extrapolation  to  the  mixture  ratio 
used. 

Figure  5  shows  the  results  for  NG 
and  NM.  We  find  that  the  behaviour 
thought  typical  of  liquid  explosive 
initiation  with  a  plateau  such  as 
those  shown  previously  in  this  paper 
for  NM  is  only  one  of  a  whole  range  of 
different  processes.  With  a  sufficiently 
high  initiating  pressure,  detonation 
appears  to  start  with  a  delay  of  less 
than  5  nsec,  and  no,  or  a  very  slowly 
decaying  over-shoot.  With  decreasing 
pressure,  the  plateau  begins  to  appear, 
accompanied  by  a  more  pronounced  over¬ 
shoot.  With  a  further  decrease  in 
pressure,  the  plateau  lengthens  and  be¬ 
comes  preceeded  by  a  region  of  faint, 
slowly  increasing  light.  At  the  same 
time  the  sharp  catch-up  increase  in  light 
intensity  disappears  and  is  replaced  by 
a  more  and  more  gradual  increase. 

Finally  at  the  lowest  pressures  studied 
the  plateau  has  completely  disappeared, 
and  the  process  is  one  of  gradually 
increasing  light  emission  up  to  a  point 
where  a  change  in  slope  occurs  and  a 
more  rapid  increase  occurs  up  to  a  rela¬ 
tively  steady  niveau. 

Before  proceeding  to  discuss 
these  results,  it  is  worth  noting  the 
differences  in  the  "steady”  detonation 
light  intensity  level  at  the  end  of  each 
recording.  This  level  has  a  minimum 
when  the  donor  has  a  detonation  pressure 
considerably  higher  than  that  of  the 
receptor,  i.e.  when  the  plateau  and  over¬ 
drive  has  disappeared.  It  is  higher 
when  an  extremely  strong  initiation 
pressure  is  applied,  such  as  when  NM  is 
initiated  with  a  59Ml  HMX/NG  donor, 
and  also  higher  when  a  weaker  initiation 
results  in  an  initiation  delay  and  sub¬ 
sequent  over-drive  when  the  pre-compressed 
detonation  or  reaction  wave  catches  up 


with  the  shock  front.  Compared  to  the 
differences  in  measured  temperatures 
between  the  pre-compressed  detonation 
and  over-drive  detonation  in  NM  these 
differences  appear  to  be  of  the  order 
of  a  few  hundred  degrees  or  at  most 
500°K. 

The  slowly  increasing  weak  light 
recorded  before  the  plateau  develops, 
or,  at  even  weaker  initiation,  the 
gradually  increasing  light  intensity 
which  grows  up  to  a  steady  high  intensi¬ 
ty  level  are  phenomena  not  previously 
experienced  with  homogeneous  liquid  explo¬ 
sives.  They  are  similar  to  the  initia¬ 
tion  phenomena  in  inhomogeneous  explo¬ 
sives  such  as  pressed  or  cast  solids.  In 
these,  in  contrast  to  the  initiation 
process  in  homogeneous  explosives,  the 
initial  shock  wave  is  gradually  strength¬ 
ened  by  reaction  at  numerous  hot  spots 
until  it  reaches  the  level  of  a  steady 
detonation. 

Previous  studies  of  the  initiation 
process  of  homogeneous  explosives  have 
been  made  with  large,  plane-wave  initiated 
charges.  In  the  present  experiment s , the 
initiation  shock  wave  is  a  rapidly  decay¬ 
ing  wave  in  which  the  pressure  behind 
the  front  has  a  steep  gradient.  It  is 
possible  that  such  a  wave  may,  after  it 
has  travelled  some  distance  into  the 
explosive,  cause  initiation  by  slow  reac¬ 
tion  almost  simultaneously  within  a 
greater  volume  of  explosive  at  the 
barrier.  This  would  delay  or  prevent 
the  development  of  a  sharp  pre-shock 
detonation  front,  as  the  pressure  in¬ 
crements  from  each  part  of  the  reaction 
zone  would  take  longer  to  interact  to 
form  a  sharp  front.  Consequently,  a 
behaviour  similar  to  that  of  inhomo¬ 
geneous  explosives  might  be  expected. 

The  tendency  towards  that  type  of  be¬ 
haviour  would  be  more  pronounced  the 
lower  the  shock  temperature  for  a  given 
pressure  gradient. 

It  is  difficult  to  calculate  the 
shock  temperature  at  a  given  shock 
pressure  due  to  the  lack  of  data  on  the 
p-v-T  relation  for  unreacted  explosives. 
Mader  ( 1 9 6 3 )  has  calculated  the  tempera¬ 
ture  in  NM  shock  compressed  to  85  kb  to 
be  1200°K,  using  the  BKW  equation  of 
state  for  NM.  Ilyukhin  et  al  (I960) 
has  measured  the  shock  adiabat  for  NM 
up  to  pressures  about  80  kb. 

The  shock  adiabat  can  be  described 
in  the  form  of  a  linear  relation  between 
the  shock  wave  velocity  ug  and  the  par¬ 
ticle  velocity  up 

ug  =  2.00  +  1.38  up  (1) 

If  we  assume  Mader^s  temperature 
to  be  correct,  we  may  obtain  from  the 
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shock  adiabat  an  upper  limit  for  the 
change  in  shock  temperature  with  changing 
shock  pressure  by  neglecting  the  change 
in  the  0°K  internal  energy. 

Let  us  write  the  increase  in  inter¬ 
nal  energy  of  the  unreacted  explosive 

E  -  Eo  =  Ec  +  Jf  cvdT  (2) 

o 

where  E  is  the  initial  internal  energy, 

E  is  tne  increase  in  internal  energy 
obtained  by  compression  at  0°K  and  the 
integral  is  the  additional  internal 
energy  increase  due  to  thermal  motion. 

The  ’’cold"  or  "elastic"  internal 
energy  Eq  is  thus 
v 

Ec  =  J  (pdv)0oK  (3) 


The  error  introduced  by  assuming 
that  A  E  is  negligible  compared  to 
AE^  is  not  great  and  will  decrease 
with  increasing  shock  pressure  and 
temperature,  as  the  ratio  AE .  /  AE 
increases  considerably  with  increasing 
shock  pressure. 

When  p  >>  p  ,  which  is  a  condi¬ 
tion  valid  for  the  present  calculation, 
we  have  from  the  shock  conservation 
relation: 

E  "  Eo  =  \  up  =  \  p  (vo_v)  (4) 

where  u  is  the  shock  particle  velocity, 
i.e.  the  increase  in  internal  energy 
equals  the  increase  in  kinetic  energy 
and  also  the  surface  under  the  Rayleigh 
line  in  the  p-v  plane. 

An  increase  in  shock  pressure  from 
p.  to  p2  thus  gives  the  increase  in 
internal  energy  AE: 

=  \  P2^vo“v2^”  \  Pi(v0-Vl>  = 


1 

2 


*  <up> 


(5) 


where  v-^  and  Vp  are  the  corresponding 
volumeson  the  shock  adiabat. 


The  corresponding  temperature 
difference  is  then  approximately 

AT  =  =  i  - £- 


(6) 


Based  on  the  shock  state  at  85  kb 
with  T  =  1200°K  and  u  =  1.8  km/sec, 
and  with  c  =  0.37,  the  values  of  AT 
after  equation  (6)  are  given  in 
table  2,  together  with  the  reaction 
half-life  of  NM,  assuming  an  Arrhenius 
law  decomposition  with  frequency  factor 


12 

1.26.10  and  activation  energy  39.7 
kcal/mole . 

It  is  obvious  from  the  approximate 
temperature  values  of  table  2,  even 
allowing  for  a  considerable  error  in  the 
temperature  estimate,  that  a  small  change 
in  shock  pressure  will  make  a  considerable 
change  in  shock  temperature  and  a  quite 
decisive  change  in  the  rate  of  chemical 
reaction. 

EFFECTS  OF  EXPLOSIVE  AND  INERT  ADMIXTURES 

In  the  third  series  of  experiments, 
different  substances  were  dissolved  in 
the  NG  or  NM  receptor  charge  in  an  effort 
to  investigate  the  effects  of  chemically 
sensitizing  additives.  From  drop-weight 
tests,  for  example,  it  is  wsll  known 
that  additives  such  as  TNT,  DNT  or  MNT 
appreciably  decrease  the  sensitivity  of 
.NG.  Inert  liquids  such  as  metanol  are 
often  used  in  the  explosive  industry  as 
solvents  for  NG  to  facilitate  the  safe 
removal  or  transport  of  the  liquid  explo¬ 
sive.  All  these  additives  are  known  also 
to  increase  the  critical  diameter  of  NG. 
Van  Dolah  and  co-workers  (1966)  found  a 
correlation  between  the  sensitivity  of 
NG  mixtures  and  their  overall  oxygen 
balance.  The  greatest  sensitivity  was 
found  to  co-incide  with  oxygen  balance  - 
increasing  oxygen  surplus  or  deficit  was 
found  to  decrease  sensitivity.  Although 
very  little  is  known  of  the  details  of 
the  chemical  reactions  involved,  it  has 
long  been  considered  that  these  effects 
are  due  to  changes  in  the  chemical  reac¬ 
tion  rate  brought  about  by  the  additives. 

Figure  6  shows  the  effect  on  the 
initiation  process  of  NG  containing  in¬ 
creasing  amounts  of  dissolved  TNT.  With 
a  comparatively  strong  donor  such  as 
70/30  NG/NM,  the  main  difference  appears 
to  be  a  slightly  decreasing  light  inten¬ 
sity  with  increasing  TNT-content.  With 
weaker  initiation,  there  is  a  clearly 
visible  increase  in  reaction  delay,  and 
with  the  weakest  donor,  the  process  has 
transformed  to  that  of  a  gradually  in¬ 
creasing  reaction. 

Figure  7  shows  the  effect  of  adding 
toluene  to  the  NG  receptor.  Contrary 
to  what  might  have  been  expected,  the 
initiation  delay  decreases  consider¬ 
ably  with  increasing  toluene  content.  At 
the  same  time,  the  light  intensity 
decreases . 

The  effects  of  adding  metanol  to 
NG  are  very  similar  to  those  of  adding 
toluene  (Figure  8).  Even  at  a  J>2% 
metanol  content,  reaction  starts  with 
a  short  delay  using  a  42/58  NG/NM  donor, 
and  the  effect  at  weaker  initiation  with 
a  24/76  NG/NM  donor  is  even  more  specta¬ 
cular.  Obviously,  reaction  starts  the 
more  rapidly, even  with  a  weaker  donor 
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charge,  the  greater  the  metanol  content. 

In  this  case,  as  in  the  case  of  the 
toluene  additive,  the  light  intensity 
decreases  with  increasing  additive 
content . 

The  solubilities  in  NG  of  the  solid 
explosives  PETN  and  RDX  are  about  1% . 
Figure  9  shows  the  effect  of  adding  1% 
of  TNT,  PETN,  or  RDX  to  NG,  pure  NG 
being  shown  for  comparison,  at  two 
different  donor  strengths.  All  three  . 
explosives  act  in  a  similar  way,  that  is 
to  very  slightly  increase  the  initiation 
delay.  With  the  38/62  NG/NM  donor  all 
three  additives  give  rise  to  a  change¬ 
over  from  the  simple  plateau  and  decay¬ 
ing  overshoot  behaviour  of  pure  NG  to 
the  seemingly  unstable  overshoot  be¬ 
haviour  typical  of  a  weak  initiation. 

Of  the  three,  PETN  appears  to  give  a 
very  slightly  longer  initiation  delay 
than  the  others. 

In  a  last  attempt  to  investigate 
the  effect  of  increasingly  greater  carbon 
excess,  we  studied  the  influence  of 
adding  4 %  each  of  toluene,  MNT,  DNT  or 
TNT  to  NG.  The  results  are  shown  in 
figure  10,  with  pure  NG  for  comparison, 
and  with  two  different  donor  strengths. 

Of  the  four  additives,  toluene  and  MNT 
were  found  to  give  shorter  delays,, 
while  DNT  and  TNT  gave  longer  initia¬ 
tion  delays  than  pure  NG.  In  order  of 
increasing  initiation  delay,  the 
additives  can  be  arranged  as  above. 

Although  the  selection  of. addi¬ 
tives  in  these  series  of  experiments 
may  not  be  the  optimal  one  from. a  chemi¬ 
cal  point  of  view,  it  is  suf f icient . to 
show  beyond  doubt  that  chemical  activa¬ 
tion  or  deactivation  by  additives  plays 
a  very  inconsiderable  part. in  deter¬ 
mining  the  reaction  delay  in  the  initia¬ 
tion  of  NG  with  strong  shock  waves. 

Other  effects  apparently  are  far 
more  important.  We  would  tentatively 
suggest  that  the  most  important  effect 
is  the  change  in  initial  density  or 
shock  impedance  of  the  explosive 
caused  by  the  additive.  In  table  3 , 
the  explosives  and  additives  used  in  this 
investigation  are  arranged  in  order  of 
decreasing  density  (top  to  bottom).  We 
see  that  the  explosives  or  additives 
with  the  lowest  densities  give  the 
shortest  reaction  delays,  those  with 
higher  densities  give  longer  delays. 

TNT,  which  has  a  density  very  close  to 
that  of  NG  gives  the  smallest  effect  in 
NG.  Although  this  is  not  necessarily 
the  case  with  all  additives,  the  ones 
used  in  this  investigation  appear  to 
give  an  increase  in  the  density  of  their 
mixture  with  NG  compared  to  that  of  pure 
NG  if  their  own  density  is  higher  than 
that  of  pure  NG  and  vice  versa.  From 


investigations  of  the  shock  adiabats  of 
various  inert  liquids,  Walsh  and  Rice 
(1957)  have  shown  that  generally ,. the . 
shock  impedance  (  ?c)of  most  liquids  is 
lower  over  the  whole  shock  pressure 
region  up  to  several  hundred  kb  the 
lower  their  initial  density •  There  are 
some  notable  exceptions.  CS2,  for. 
example,  although  having  the  relatively 
high  initial  density  of  1.27,  showed  the 
lowest  shock  impedance  of  all  the  liquids 
investigated . 

The  effect  of  a  change  in  shock 
impedance  on  the  pressure . and  particle 
velocity  generated  in  a  liquid  by  inte¬ 
raction  with  an  incoming  shock  of  given 
amplitude  in  a  given  barrier  material  is 
well  understood.  The  lower  the  shock 
impedance  of  the  liquid,  the  lower  will 
be  the  pressure  and  the  higher  the 
particle  velocity  in  the  resulting  shock. 
For  an  inert  shock,  the  increase  in 
internal  energy  is  given  approximately 
by  equation  (4)  and  is  seen  to  be  pro¬ 
portional  to  the  square  of  the  shock 
particle  velocity. 

Clearly,  the  increase  in  internal 
energy  will  increase  with  decreasing 
shock  impedance.  We  may  safely  assume 
that  the  additives  have  no  decisive 
effect  on  the  ratio  between  elastic  and 
thermal  internal  energy  or  on  the  speci¬ 
fic  heat.  Thus,  as  a  first  approxima¬ 
tion,  we  may  assume  the  resulting  shock 
temperature  to  rise  roughly  in  propor¬ 
tion  to  the  increase  in  internal  energy. 
Consequently,  using  the  argument. in  the 
previous  section  (table  2),  we  find  that 
the  effect  of  decreasing  the  density  of 
the  receptor  charge  will  be  to  increase 
considerably  the  shock  temperature  and 
thereby  to  radically  increase  the  rate 
of  reaction. 

In  general,  therefore,  we  may 
expect  an  explosive  with  a  low. shock 
impedance  to  show  a  shorter  initiation 
delay  for  a  given  donor  charge  and 
barrier  than  one  with  a  high . shock . im¬ 
pedance.  Some  results  in  this  series 
of  experiments  show,  however,  that  there 
are  some  exceptions  to  this.  DNT  has  a 
density  considerably  lower  than  NG  and 
might  be  expected  to  bring  about  a 
decrease  of  density  when  added  to  NG . 

In  fact  4%  DNT  added  to  NG  gave  an  in¬ 
creased  reaction  delay  compared  to  NG 
for  a  42/58  NG/NM  donor.  TNT,  with  a 
density  only  2.5% higher  than  NG,  gave 
a  very  considerably  increased  reaction 
delay  compared  to  pure  NG  when  added  in 
as  small  a  percentage  as  4 .  We  conclude 
that  these,  and  the  very  few  other  results 
conflicting  with  the  shock  impedance 
theory  presented  above,  are  evidence  of 
chemical  deactivation  effects. 
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COMPARISON  OF  DIFFERENT  PURE  EXPLOSIVES 

Figure  11  shows  the  initiation  of  the 
pure  explosives  NG,  EGDN,  and  NM  with  a 
donor  of  42/58  NG/NM.  All  three  records 
are  obtained  with  the  same  instrument 
setting  and  optical  arrangement.  We 
again  note  the  increasing  reaction  delay 
with  increasing  density  (compare  table 
3).  The  total  intensity  of  the  steady 
detonation  is  also  highest  for  NG,  slight¬ 
ly  lower  for  EGDN,  and  very  much  smaller 
for  NM.  The  ratios  of  the  intensitites 
are  1:0.82:0.11.  Qualitatively,  they 
indicate  that  the  caracteristic  tempera¬ 
ture  is  highest  for  NG  and  lowest  for 
NM.  The  ratios  do,  however,  apprecially 
over-emphasize  the  real  temperature 
differences  because  the  sensitivity  of 
the  Sll  phosphor  of  the  56  AVP  photo 
multiplier  is  greatest  close  to  the 
short  wave  length  foot  of  the  emission 
curvd  and  very  low  at  its  peak  for  the 
range  of  detonation  temperatures  between 
3000  and  4000°K  likely  for  these  explo¬ 
sives. 

TRANSMISSION  OF  DETONATION  THROUGH  A 
BARRIER 

Figure  12  shows  the  transmission 
of  detonation  of  the  three  liquid  explo¬ 
sives  NM,  90/10  NM/TNT,  and  NG  through 
barriers  of  thickness  0.25  and  0.75  mm. 

In  each  experiment,  the  same  explosive 
was  used  in  donor  and  acceptor.  There 
are  obvious  differences  between  the 
explosives. 

NM  shows  the  longest  initiation, 

NG  the  shortest.  However,  with  increa¬ 
sing  barrier  thickness,  we  will  undoubted¬ 
ly  find  the  same  increasing  plateau 
length  in  the  two  other  explosives  as 
with  these  thin  barriers  in  NM. 

QUENCHING  OF  THE  DETONATION  LIGHT  UPON 
IMPACT  ON  TRANSPARENT  BARRIERS 

During  the  course  of  the  experi¬ 
ments  described  above  it  was  noted  that 
the  rate  of  decrease  of  light  intensity 
when  the  receptor  charge  detonation 
arrived  at  the  cover  glass  window  at  the 
end  of  the  receptor  charge  varied  depend¬ 
ing  on  the  pre-history  of  the  detona¬ 
tion.  If  the  detonation  had  decayed  over 
a  sufficiently  long  distance  after  an 
over-shoot  initiation,  the  rate  of 
decrease  was  small,  and  the  intensity 
decreased  typically  to  about  half  its 
steady  value.  If  the  detonation  was 
still  over-driven,  for  example  due  to  a 
long  reaction  delay,  the  rate  of  decrease 
was  very  much  greater.  A  few  exploratory 
experiments  were  made  to  investigate  this 
further.  Figure  13  shows  the  results 
of  these,  all  with  pure  NG  as  receptor. 

In  record  13  a,  initiation  was  by 
a  donor  of  37,25/62,75  NG  7NM,  and  the 


length  of  the  receptor  charge  4,1  mm  was 
chosen  so  that  the  detonation  arrived  at 
the  2  mm  thick  glass  plate  about  20  nsec 
after  shock  catch-up.  The  decrease  in 
light  intensity  upon  collision  is  rapid, 
and  the  intensity  is  approaching  zero 
after  about  11  nsec.  In  record  13  b, 
with  an  identical  charge  and  window 
arrangement,  initiation  was  by  a  stronger 
shock  wave  from  a  pressed  TNT  charge  of 
density  1.56  g/cm^.  The  initial  over¬ 
shoot  has  decayed  by  the  time  the  detona¬ 
tion  arrives  at  the  glass  window,  and 
we  see  the  very  gradual  decrease  in 
intensity  to  about  40<  of  the  steady 
value,  continuing  for  the  full  300  nsec 
while  the  shock  is  travelling  through  the 
glass. 

In  record  13  c,  the  measurements  and 
initiation  were  indentical  to  those  of 
record  13  b,  with  the  exception  that  the 
glass  window  was  replaced  by  a  15  mm  high 
column  of  water  in  contact  with  the  NG 
receptor  end  surface.  (To  do  this 
experiment,  the  charge  set-up  was  turned 
upside  down  with  initiation  from  the 
bottom).  Except  for  a  more  rapid  initial 
decrease  in  intensity,  this  record,  too, 
shows  the  same  features  as  13  b,  the  light 
intensity  decreasing  to  about  40JG  of  the 
steady  detonation  level,  where  it  stays 
for  the  duration  of  the  recording,  about 
350  nsec . 

Figure  14  shows  a  series  of  double 
barrier  shots,  using  10/90  TNT/NM  in  both 
donor  and  receptor  charges.  The  receptor 
charge  was  divided  in  two  by  the  insertion 
of  a  second  barrier  of  transparent  PVC  of 
the  same  thickness  as  the  first,  black  PVC 
barrier. 

The  numbers  to  the  left  of  each  record 
indicate  the  barrier  thickness,  the  distance 
between  the  first  and  the  second  barrier  and 
the  cover  glass  window.  Where  only  two 
numbers  occur,  the  latter  two  distances  were 
equal.  The  top  record  with  0.1  mm  barrier 
thicknesses  shows  the  normal  double  re-ini- 
tiatdcn,  in  which  the  over-drive  detonation 
has  decayed  into  a  steady  state  before 
hitting  the  second  barrier.  As  in  figure  13  a 
the  light  quenches  slowly  at  the  second 
barrier.  The  second  record,  with  0.25  mm 
barriers,  is  different.  The  over-drive  deto¬ 
nation  has  not  decayed  sufficiently  and  in 
agreement  with  figure  13  a  the  light  then 
quenches  suddenly.  Re-initiation  is  then 
almost  immediate.  The  time-lag  between 
quenching  and  re-initiation,  42  nsec, 
corresponds  well  with  a  shock  wave  velocity 
of  6  km/sec  through  the  barrier.  There  is 
no  visible  plateau,  but  a  very  brief  over¬ 
shoot  of  about  20  nsec  duration. 

The  third  record  shows,  again  with 
0.25  mm  barriers,  how  the  phenomenon  of 
slow  quenching  re-appears  together  with  a 
slower  rise  and  a  longer  over-shoot  when 
the  barrier  separation  is  doubled  (5.2  mm 
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instead  of  2.1  mm).  The  fourth  record 
shows  the  return  of  the  rapid  quenching 
and  immediate  re-initiation  when  the 
barrier  thickness  is  made  greater  (0.75 
mm)  while  keeping  the  5.2  mm  barrier 
separation. 

Although  these  experiments  give 
very  little  quantitative  information 
about  the  structure  of  the  reaction  zone 
there  are  some  important  qualitative 
conclusion  to  be  drawn. 

a.  The  region  within  the  reaction  zone 
that  emits  the  highest  temperature 
is  closer  to  the  detonation  front, 
the  higher  the  detonation  pressure. 
The  highest  detonation  pressure  for 
a  given  explosive  is  that  reached 
when  the  pre-compressed  detonation 
catches  up  with  the  shock  front  in 
delayed  plateau  initiation.  Rela¬ 
tive  to  the  shock  front,  this  deto¬ 
nation  travels  with  a  velocity  of 
at  most  6  km/sec.  The  rise-time  of 
the  light  upon  catch-up  is  between 
2  and  11  nsec.  Consequently,  the 
high  temperature,  forward  emitting 
region  is  less  than  60  p  and  perhaps 
as  little  as  10 ju  behind  the  deto¬ 
nation  front,  This  varies  little 
between  different  explosives. 

b.  When  an  over-driven  detonation 
collides  with  the  surface  of  an 
inert  material,  the  light  quenches 
to  zero  or  close  to  zero  intensity, 
again  within  a  time  of  about  10  nsec. 
Not  even  when  the  inert  material  has 
a  higher  shock  impedance  than  the 
unreacted  explosive  is  there  an 
increase  in  light  intensity. 

Perhaps  the  most  interesting  observa¬ 
tion  in  this  respect  is  the  small 
difference  in  initial  quenching  rate 
between  that  obtained  at  a  glass 
surface  and  that  at  a  water  surface. 
Compared  to  the  shock  impedance  of 
unreacted  NG,  the  shock  impedance 
of  glass  is  higher  and  that  of 
water  is  lower.  The  collision  of 
the  detonation  in  NG  with  the  glass 
surface  will  therefore  result  in 
shock  reflection  which  will  ini¬ 
tially  increase  the  pressure  in 
the  NG  close  to  the  glass  above 
that  at  the  detonation  front.  The 
resulting  shock  in  the  glass  will 
have  a  lower  temperature  than  that 
of  the  shock-compressed  NG  at  the 
glass  surface  just  prior  to  colli¬ 
sion.  Collision  of  the  detonation 
in  NG  with  the  water  surface  will 
bring  the  opposite  effects,  i.e. 
a  rarefaction  wave  will  initially 
travel  back  into  the  NG  and  the 
shock  temperature  of  the  water  will 
be  higher  than  the  shock  front 
temperature  of  the  NG.  This  appears 


to  rule  out  conduction  cooiling  at 
the  surface  as  the  mechanism  for 
the  rapid  initial  quenching  of 
light  at  the  water  surface. 

c.  When  the  initially  over-driven 
detonation  has  had  a  sufficient 
distance  of  propagation  to  decay 
back  into  what  would  appear  to  be 
a  steady  state  detonation,  the 
quenching  of  light  at  impact  with 
an  inert  is  far  less  rapid,  typi¬ 
cally  of  the  order  of  50  to  100 
nsec.  Similarly,  when  initiation 
is  done  with  low  pressure,  the 
rise-time  of  the  light  when  the 
pre-compressed  detonation  catches 
up  with  the  shock  front  increases 
to  values  of  the  same  order. 

d.  A  sufficiently  thin  barrier  or  a 
sufficiently  high  initiating 
pressure  creates  a  detonation  with 
a  delay  of  less  than  5  nsec  and 
with  no  visible  over-shoot ,  This 
is  again  an  indication  that  the 
light  emitted  in  the  forward 
direction  from  a  steady  or  slight¬ 
ly  over-driven  detonation  comes 
from  a  zone  less  than  50  u  be¬ 
hind  the  front.  Again,  t/here  are 
some  differences  between  different 
explosives.  NM  appears  to  have 
the  light  emitting  zone  appreciab¬ 
ly  closer  to  the  front  than  does 
NG  or  TNT-mixed  explosives. 

e.  Our  final  conclusion  is  that  even 
pressures  equal  to  or  somewhat 
higher  than  those  normally  con¬ 
sidered  typical  of  the  region  be¬ 
hind  the  reaction  zone  are  not 
sufficient  to  generate  an  imme¬ 
diate  reaction  in  a  liquid  explo¬ 
sive.  For  NM,  experiments  aimed 
at  measuring  the  Chapman-Jouguet 
pressures  have  given  values  vaying 
between  115  and  140  kbar  (Craig 
1965,  Persson  1969).  To  get 
immediate  re-initiation  we  need 
pressures  of  the  order  of  the 
detonation  pressure  of  NG,  that 
is,  well  above  200  kbar.  These 
conclusions  hold  true  even  if  we 
take  into  account  the  slight 
decrease  in  pressure  caused  by  the 
impedance  mismatch  between  the 
explosive  and  the  barrier  material. 

For  NM,  we  find  an  initiation  delay 
of  about  150  nsec  at  a  pressure  of 
about  120  kbar.  Mader  ( 1 963  )  cites 
experiments  where  the  initiation 
delay  in  NM  was  1.4  usee  at  a 
shock  pressure  of  85*  kbar. 

For  NG,  we  similarly  find  an  ini¬ 
tiation  delay  of  450  nsec  at  an 
initiating  pressure  of  about  175 
kbar.  At  about  220  kbar  (NG  donor), 
the  delay  has . 
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decreased  to  some  100  nsec,  but 
there  is  still  a  marked  over-shoot, 
indicating  that  this  is  a  true 
reaction  delay. 

We  conclude  from  this  that  an 
appreciably  higher  pressure  than 
the  Chapman-Jouguet  pressure  must 
exist  at  the  front  of  the  detona¬ 
tion.  Prom  the  experiments  with 
strong  donor  charges,  we  estimate 
these  front  pressures  for  steady 
detonation  to  be  for  NM  about  230 
kbar  or  more,  and  for  NG  about 
330  kb  or  more.  Combined  with  shock 
velocities  equal  to  the  detonation 
velocities  of  6.29  and  7.58  km/sec, 
respectively,  we  arrive  at  a  con¬ 
servative  lower  limit  for  the 
corresponding  shock  front  particle 
velocities  of  3.24  and  2.72  km/sec, 
respectively.  Neglecting  the  con¬ 
tribution  to  the  pressure  from  the 
0°K  isotherm  of  either  explosive, 
which  is  probably  allowable,  and 
assuming  a  specific  heat  for  both 
explosives  of  0.4  cal/g  °K,  we 
arrive  at  an  estimate  of  the  shock 
front  temperature  increase  of 
3140  °K  in  NM  and  2210  °K  in  NG. 
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TABLE  1 

Donor  charge  explosives 


Explosive 

Initial 

density 

g/cm^ 

Detonation 

pressure 

kb 

59/^1  HMX/NG 

1.76 

330 

60/40  HMX/TNT 

1.72 

315 

RDX 

1.61 

266 

NG 

1.60 

238 

70/30  NG/NM 

1.42 

202 

40/60  NG/NM 

1.28 

170 

20/60  NG/NM 

1.20 

148 

NM 

1.13 

127 

96/4  NM/MNT 

1.13 

TABLE  3 

Density  of  explosives  and  additives, 
arranged  after  increasing  initial 
density.  (Increasing  from  top  to  bottom). 


Additive 

or 

Explosive 

Density 

g/cm^ 
at  18°C 

Metanol 

0.793 

Toluene 

O.89 

NM 

1.13 

MNT 

1.16 

DNT 

1.28 

EGDN 

1.48 

NG 

1.60 

TNT 

1.64 

PETN 

1.67 

RDX 

1.80 

TABLE  2 

Estimated  shock  temperatures  of  NM 


P 

kbar 

UP 

km/s 

T 

°K 

°K 

NM  half-life 
usee 

— w 

1.5 

-219 

98i 

402 

85 

1.71 

0 

1200 

9.82 

92 

1.8 

100 

1300 

2.64 

99 

1.9 

219 

1419 

0.720 

108 

2.0 

345 

1545 

0.240 

126 

2.2 

617 

1617 

0.126 

144 

2.4 

915 

2115 

0.007 

164 

2.6 

1235 

2^35 

0.002 

TABLE  4 

Rate  constants  for  thermal  decomposition  of  different  explosives 


Explosive 

Frequency 
factor 
log  Z 

sek  1 

Activation 

energy 

Kcal/mole 

Temp  for  expl 
after  1  sec 

Reference 

NM 

12.1 

39.7 

Mader 

NG 

18.64 

43.7 

Andreev  &  Beljaev 

NG 

23.5 

50 

220 

Bowden  &  Yoffe 

TNT 

11.4 

344-140 

Cook 

TNT 

12.3 

41.1 

Mader 

PETN 

19.8 

47 

255 

Bowden  ?  Yoffe 

RDX 

18.5  v. 

47.5 

Cook 

Lead  azide 

(17.42) 

37-38 

340 

Bowden  &  Yoffe 

1967 

1964 

1958 

1959 
1969 
1958 
1958 
1958 


x/  Based  on  1  sec  -  340°C,  E  =  37. 5  kcal/mole  °K 
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Donor 


X  Glass 
Window 


Fig.  1.  Standard  charge  arrangement 


Fig.  3.  Total  light  emission  and 
emission  through  narrow-band  filters 
at  4000  and  6330  A.  Amplitudes  not 
comparable.  Sweep  speed  50  nsec /cm 
Nitromethane . 


Fig.  2.  Light  from  initiation  of  NM 
with  NM  as  a  donor  at  three  different 
PVC  barrier  thicknesses. 

Sweep  speed  50  nsec/cm. 


’ig.  4.  Spectral  distribution  of  light 
emission  during  initiation  of  NM  by  a  NM 
lonor  and  different  thicknesses  of  PVC 
)arriers.  Barrier  thickness  0.25  (0), 
ind  0.75  mm  ( V ) . 

Jpper  set  of  points,  peak  amplitude,  and 
lower  set  of  points,  amplitude  of  pre¬ 
compressed  detonation;  both  relative  to 
steady  state  level,  assumed  to  be  at  a 
temperature  of  3800°K  (full  line).  Dashed 
lines  represent  best  fitting  black  body 
distribution  curves  at  constant  temperature 
a  4250°K;  b.  4200°K;  c.  3500°K:  d.  3400°K. 
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DONOR  CHARGE 
59/41  HMX/'NG 


60/40  HMX/TNT 


DONOR  CHARGE 

59/41  HMX/NG 

60/40  HMX/TNT 

NG 

42/58  NG/NM 

NM 

96/4  NM/MNT 

95/5  NM/MNT 


NG 

70/30  NG/NM 

54/46  NG/NM 

42/58  NG/NM 

38/62  NG/NM 

37.25/62.75 

NG/NM 

35/65  NG/NM 

24/76  NG/NM 


Fig.  5a.  Light  emission  from  initiation 
of  NM  with  different  donors.  Barrier :0. 25  16/84  NG/NM 

mm  PVC.  Time  200  nsec/cm.  Amplitudes 
comparable  except  42/58  NG/NM  record. 


MM 


Fig.  5b.  Light  emission  from  initia¬ 
tion  of  NG  with  different  donors. 
Barrier:  0.25  mm  PVC 
Time:  top  5  records 
100  nsec/cm,  otherwise 
200  nsec/cm. 
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RECEPTOR  CHARGE  DONOR  CHARGE  COMPOSITION 

%  TNT  in  NG 

70/30  NG/NM  46/54  NG/NM  42/58  NG/NM 


Fig.  6.  Effects  of  TNT  added  to  NG.  Time  100  nsec/cm.  Comparable  amplitudes. 

I 


RECEPTOR  CHARGE 
%  toluene  in  NG 

0 

4 


16 


Fig.  7.  Effects  of  toluene  added  to  NG .  Donor  charge  42/58  NG/NM. 
Time  100  nsec /cm.  Comparable  amplitudes. 
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RECEPTOR  CHARGE  DONOR  CHARGE  COMPOSITION 

%  metanol  in  NG 


1)2/58  NG/NM 

32/68  NG/NM 

24/76  NG/NM 

HSlB 

, 

* 

Fig.  8.  Effects  of  metanol  added  to  NG.  Time  100  nsec/cm.  Comparable  amplitudes. 


Fig.  9.  Effects  of  1%  RDX,  TNT,  or  PETN  in  NG.  Time  100  nsec/cm 
comparable  amplitudes. 
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ADDITIVE 
(4*) 
in  NG 


pure  NG 


toluene 


mNT 


DNT 


TNT 


Fig.  10.  Effects  of  k%  toluene,  MNT,  DNT,  or  TNT  in  NG . 

Time  100  nsec/cm.  Comparable  amplitudes.  Barrier  0.25  mm  PVC . 


EXPLOSIVE 


Fig.  11.  Comparison  between  different  pure  explosives. 
Donor  charge  42/58  NG/NM.  Time  50  nsec/cm.  Comparable 
amplitudes.  Barrier:  0.25  mm  PVC. 


201 


Persson,  Sjdlin 


Fig.  12.  Transmission  of  detonation 
through  barriers  of  different  thickness. 
Same  explosive  in  receptor  and  donor. 

Time  100  nsec /cm.  Comparable  amplitudes. 


DONOR  CHARGE 


a. 

37.75/62.25 

NG/NM 


b. 

Pressed  TNT 


c . 

Pressed  TNT 


Fig.  13.  Effects  of  detonation 
amplitude  on  detonation  light  quenching 
at  receptor  end  surface,  a /  and  b/  2  mm 
glass  window,  c/  15  mm  water  window. 

Sweep  100  nsec /cm.  Comparable  amplitudes. 
Barrier  0.25  mm  PVC . 


1 

— 1. 

1 

11  T  J 

L  '  A 

- - - 

1 

J 

0.25  mm 
2 . 1  mm 


0.25  mm 
5 . 2  mm 
2 . 1  mm 


Z 


0.75  mm 
5 . 2  mm 
2.1  mm 


Fig.  14.  Initiation  light  and  light 
quenching  at  second  barrier  in  double 
barrier  arrangements.  Sweep  speed  top 
record  100  nsec/cm,  others  200  nsec/cm. 
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EXPLOSIVE  BEHAVIOR  OF  METHYLNITRATE  AND  ITS  MIXTURES 
WITH  LIQUID  DILUENTS 


M.  Rusakabe  and  S.  Fujiwara 
The  Government  Chemical  Industrial  Research 
Institute,  Tokyo,  Division  7 
Hiratsuka-City ,  Kanagawa,  Japan 


Methyl  nitrate  in  glass  tube  had  three  modes  of  propagation  of  reaction  wave: 

HVD,  stable  LVD  and  unstable  LVD  whose  velocities  were  6704  m/sec,  2540  m/sec 
and  2140  m/sec  respectively.  Charge  diameter  and  strength  of  initiation  had 
relations  on  the  mode  selection.  In  the  streak  photohraphs  of  LVD  and  of 
transition,  from  LVD  to  HVD,  a  kind  of  blur  was  observed  which  was  caused  prob¬ 
ably  by  the  bubbles  locating  ahead  of  detonation  front.  In  aluminum  and  copper 
tubes,  an  extraordinarily  low  velocity  reaction  wave  was  observed  and  the  ve¬ 
locities  were  less  than  one  tenth  of  the  Chapman- Jouguet  detonation  velocity. 

In  lead  tubes,  LVD  with  periodical  structure  was  observed.  Mixtures  of 
methyl  nitrate  with  seven  inert  liquids  were  also  tested  of  their  detonabilities. 
The  order  of  quenching  abilities  of  the  liquids  for  LVD  conformed  to  inverse 
order  of  the  shock  impedances  of  the  liquids. 


INTRODUCTION 

Methyl  nitrate  is  a  colorless  liquid  with  a 
boiling  point  of  65  to  66°c.  It  is  volatile  and 
inviscid  and  has  a  specific  gravity  of  1.217  at 
15°c.  The  liquid  has  long  been  known  as  a  power¬ 
ful  explosive  and  some  experimental  works  on  its 
explosive  properties  have  been  done,  but  our 
knowledge  on  its  explosive  behaviors  is  still 
poor  compared  with  those  of  the  other  useful  ni¬ 
tric  esters  such  as  nitroglycerine  (NG),  nitro- 
glycol  and  pentaerythritol tetranitrate  (PETN). 

In  the  text  of  T.  Urbansky  (1),  the  detonation 
velocity  of  methyl  nitrate  is  cited  from  the  pre¬ 
vious  literatures  that  has  widely  scattered  values 
of  1500  to  8000  m/sec.  The  value  suggests  so 
called  "low  velocity  detonation"  in  this  liquid 
which  has  a  propagation  velocity  much  less  than 
the  Chapman- Jouguet  velocity.  But  the  conditions 
of  its  occurrence  is  not  clear  and  left  to  be 
studied. 

The  mechanism  of  such  a  low  velocity  reac¬ 
tion  wave  in  liquid  explosives  was  studied  by 
several  workers.  Watson  et  al  (3)  proposed  a 
model  in  which  the  cavitation  play  an  important 
role  in  the  propagation.  In  the  model  proposed 
by  Amster  et  al  (4),  "Mach  disc"  leads  the  prop¬ 
agation.  We  investigated  this  phenomena  in 
methylnitrate  which  is  one  of  the  simplest  nitric 
esters. 

Liquid  explosives  are  simpler  in  theoretical 
treatment  of  their  explosive  behaviors  than  solid 
explosives,  because  of  their  homogeinity  and 
isotropic  nature.  It  will  present  some  clues 
for  making  clearer  the  propagation  mechanism  of 


detonation  in  condensed  explosives  to  work  out 
the  explosive  behaviors  of  methylnitrate. 

EXPERIMENTAL  PROCEDURE 

Methylnitrate  (MN)  was  prepared,  washed 
with  alkali  and  water,  and  dried  with  anhydrous 
sodium  sulphate. 

Inert  liquids  used  to  mix  with  MN  are  of 
extra-pure  grade.  Mixing  ratio  is  measured  in 
volume  by  using  a  mess  cylinder  or  burettes, 
within  the  accuracy  of  ±  1  percent  in  volume. 
When  the  amount  of  a  component  is  weighed  by 
chemical  balance,  the  accuracy  is  enhanced 
within  the  error  of  ±  0.3  percent  in  volume. 

Sample  liquids  were  filled  in  tubes  of  var¬ 
ious  inner  diameters  and  of  several  materials. 
The  tubes  were  hung  vertically  and  initiated  at 
the  top  of  the  liquid  charges.  The  camera  is 
not  equipped  with  an  image  slit,  in  order  to 
take  a  still  photograph  on  the  same  film  before 
the  shot.  This  enables  us  to  catch  the  original 
shape  of  the  charge  in  the  streak  photohraph. 

The  accuracy  of  the  velocity  obtained  was  within 
±  1.5  percent,  for  our  typical  experimental  di¬ 
mention  of  tube  length  of  250  mm,  and  for  high 
velocity  detonation.  To  obtain  more  accurate 
values,  long  tubes  of  400  mm  length  were  used. 

Propagation  velocities  of  MN  and  the  mix¬ 
tures  depend  on  tube  diameter,  on  tube  material 
and  also  on  the  strength  of  initiation.  A  No.  6 
detonating  cap  was  used  in  weak  initiation,  and 
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in  strong  initiation,  1.7  to  3  grams  of  P-30 
(a  plastic  high  explosive  containing  PETN  as  a 
main  component,  specific  gravity:  1.40,  deto¬ 
nation  velocity:  7200  m/sec)  was  used  as  a 
booster.  PETN  detonating  fuses  were  used  in 
several  shots. 

EXPLOSIVE  PROPERTIES  OF  METHYLNITRATE 

Impact  sensitivity  was  measured  by  the  fall 
hammer  test.  A  drop  of  MN  was  placed  in  a  copper 
cup  with  an  inner  diameter  of  10  mm  and  a  depth 
of  ca.  3  mm.  One  of  two  steel  cylinders  of  roll¬ 
er  bearings  with  10  mm  diameter  and  10  mm  height 
was  fitted  to  the  cup,  and  another  was  placed 
under  the  cup.  This  sample  assembly  was  set  on 
an  anvil  and  struck  by  a  falling  hammer  of  5  kg. 

The  ballistic  mortar  test  was  also  carried 
out.  Ten  grams  of  MN  was  filled  in  a  bit  of 
rubber  tube  with  a  rubber  lid,  and  initiated 
with  a  No.  6  detonating  cap.  For  comparison, 
we  shot  PETN  charges  in  the  same  containers. 

The  results  are  shown  in  Table  1  together  with 
the  other  explosive  properties  of  MN  (1).  They 
show  that  MN  is  one  of  the  most  powerful  explo¬ 
sives,  and  has  relatively  low  impact  sensitivity. 

EXPLOSION  OF  METHYLNITRATE  IN  GLASS  TUBE 

Explosion  of  MN  in  glass  tube  can  be  divid¬ 
ed  into  three  modes,  the  Chapman-Jouguet  high 
velocity  detonation  (HVD)  which  propagates  in  a 
velocity  of  6700  m/sec,  "stable"  low  velocity 
detonation  (stable  LVD)  with  a  velocity  of 
2540  m/sec  and  "unstable"  low  velocity  detonation 
(unstable  LVD)  with  a  propagation  velocity  of 
ca.  2140  m/sec.  What  may  occur  among  them  de¬ 
pends  mainly  on  the  tube  diameter.  Figure  1 
shows  the  propagation  velocity  of  the  reaction 
wave  in  MN  against  an  inner  diameter  of  hard 
glass  tube. 


•  Cap(No.  6) 

0  1.7g  P-30 

— O - 0-0- 


_ o _ _ _ •- 


- Oj - 1 - I - 1 - 1 - 1 - 1 - 

2  4  6  8  10  12  14 

tube  diameter  (mm)  — > 

Fig.  1  -  Detonation  velocities  of  MN 

in  glass  tubes  of  varied  diameters 


TABLE  1 

EXPLOSIVE  PROPERTIES  OF  METHYLNITRATE (MN) 


Ignition  point:  150°c 

Fall  Hammer  Test  (5kg  Hammer): 


MN 

2/3 

at 

30 

cm 

0/3 

at 

20 

cm 

NG 

2/2 

at 

10 

cm 

0/2 

at 

5 

cm 

Ballistic  Mortar  Test:  MN=1 29  (PETN=100) 

^Linear  Burning  Velocity:  U=0.010+0.133P: 
P(kg/cm)  U(cm/sec) 

*Trauzl  Test:  520  ml  with  a  No.  1  detonator 

(NG:  190  c.c.) 
615  ml  with  a  No.  8  detonator 
(NG:  590  c.c.) 

Detonation  Velocity:  HVD:  6700  m/sec 
LVD:  2500  m/sec 


(in  glass  tube) 


*  cited  from  (1! 


Thick  tubes  with  inner  diameters  larger 
than  or  equal  to  12.7  mm  always  gave  HVD.  In 
tubes  with  inner  diameters  of  10  mm,  strong 
initiation  resulted  in  HVD  and  weak  one  did  in 
stable  LVD.  In  tubes  with  diameters  of  5  mm, 
both  modes  of  LVD  occurred,  that  is,  stable  LVD 
in  strong  initiation  and  unstable  one  in  weak 
initiation.  Thin  tubes  of  3  mm  diameter  always 
gave  unstable  LVD,  and  1.6  mm  tubes  failed  to 
transmit  any  reaction  wave. 

Photograph  1  (a),  (b)  and  (c)  are  typical 
examples  of  streak  photograph  for  HVD,  stable 
LVD  and  unstable  LVD  in  glass  tube  respectively. 
In  the  photographs,  direction  of  motion  is  down¬ 
ward,  and  time  lapses  from  left  to  right.  At 
the  left  of  each  picture  is  attached  a  still 
picture  of  the  charge  taken  immediately  before 
the  shot. 

Photo  1  (a)  shows  HVD  of  MN  in  a  tube  of 
10  mm  in  inner  diameter  and  400  mm  in  length, 
initiated  by  a  1.7  g  booster.  The  luminous 
trace  is  straight  and  well  defined.  There  ap¬ 
pear  a  bright  light  by  the  booster  at  the  top 
and  a  horizontal  (timewise)  bright  line  which 
is  caused  by  illumination  of  a  glass  plate  at 
the  bottom  of  the  tube.  Stable  LVD  in  photo  (b) 
is  initiated  with  a  No.  6  detonating  cap  in  a 
tube  of  the  same  diameter.  The  trace  of  reac¬ 
tion  is  separated  into  two  blurred  bright  loci 
between  which  is  a  narrow  dark  zone.  The  blur 
ahead  of  the  trace  may  be  considered  to  appear 
due  to  scattering  of  light  by  nimerous  tiny  bub¬ 
bles  caused  by  cavitation.  This  supports  the 
cavitation  theory  on  the  michanism  of  LVD  prop¬ 
agation  proposed  by  Watson  et  al  (3).  The 


204 


Kusakabe,  et  al . 


preceding  locus  is  straight  throughout  the 
length  of  the  charge  and  its  width  is  increas¬ 
ing.  The  increase  may  be  caused  by  the  length¬ 
ening  of  cavitated  column  of  the  charge  and/or 
by  the  increase  of  reaction  light.  From  this 
point  of  view,  we  estimated  the  propagation 
velocity  of  LVD  from  the  inclination  of  the 
trailing  edge  of  the  preceding  locus.  Unstable 
LVD  of  (c)  is  initiated  with  a  No.  6  detonating 
cap  in  a  5  mm  tube.  The  preceding  locus  is  not 
as  stable  as  that  of  (b).  There  appear  bright 
regime  and  faint  regime  alternately.  Propagation 
velocity  in  the  bright  regime  is  as  same  as 
that  in  (b),  and  that  in  the  faint  regime  is 
slower.  Luminous  reaction  decelerates  and  then 
accelerates.  The  interval  between  the  two  re¬ 
gimes  and  the  entire  structure  are  constant 
among  all  the  unstable  LVD  including  those  in 
tubes  of  3  mm  diameter.  As  the  results,  the 
mean  propagation  velocity  over  the  entire  tube 
length  becomes  lower  than  that  of  stable  LVD, 
and  remains  constant  shot  by  shot. 

Transition  from  LVD  to  HVD  were  occasionally 
observed.  Photo  1  (d)  shows  an  expmple  of  such 
transition  in  glass  tube  with  an  inner  diameter 
of  10  mm.  As  clearly  seen  in  the  photograph, 
the  transition  occurs  abruptly  and  after  that 
the  velocity  of  the  HVD  is  constant  throughout 
the  remaining  length  of  the  tube.  In  the  HVD 
regime,  we  can  see  a  straight  and  well  defined 
border  line  of  the  charge.  The  other  border 
line  (preceding  side)  is,  however,  not  clear 
covered  with  blur.  It  is  clear  from  the  rela¬ 
tive  location  of  the  blur  to  the  border  line 
and  to  a  luminous  spurt  at  the  bottom  of  the 
charge  that  the  blur  appears  before  the  arrival 
of  the  detonation  front.  There  is  a  straight 
and  well  defined  shadow  of  the  black  mark  on  the 
glass  tube.  This  means  that  the  light  came  from 
interior  of  the  tube.  These  facts  all  prove  the 
existence  of  cavitations  or  bubbles  ahead  of  the 
detonation  front.  The  velocity  of  these  HVD 
transferred  from  LVD  is  generally  higher  than 
the  intrinsic  one  of  MN  due  to  pre-compression 
of  the  charge  by  a  precursor  wave  transmitted 
through  tube  wall.  The  velocities  of  these 
overshooted  HVD  were  different  in  shot  by  shot. 


EXPR0SI0N  OF  METHYLNITRATE  IN  METAL  TUBES 

Propagation  velocities  of  reaction  waves  in 
tubes  of  alminium,  steel,  copper  and  lead  were 
determined.  The  results  are  shown  in  Table  2. 

A  slit  of  1  mm  width  or  a  series  of  holes 
(1  mm  diameter)  with  intervals  of  20  mm  was 
opened  in  the  side  wall  in  parallel  to  the  tube 
axis,  and  was  covered  with  transparent  adhesive 
cellophane  tape.  These  openings  are  for  photo¬ 
graphic  observation  of  the  reaction  waves. 
Thickness  of  walls  were  0.5  mm  in  lead  tubes 
and  1  mm  in  the  other  tubes. 

Thick  tubes  again  gave  HVD.  Traces  in 
streak  photographs  were  clear  and  straight  like 
that  shown  in  Photo  1  (a).  In  an  aluminum  tube 
of  6  mm  inner  diameter  and  in  a  copper  tube  of 
5.5  mm  diameter,  expraordinari ly  low  velocity 
waves  were  observed  which  had  velocities  of 
504  m/sec  and  604  m/sec  respectively.  These 
were  observed  in  tubes  with  holes.  In  an  alu¬ 
minum  tube  with  slit  of  the  same  6  mm  diameter, 
reaction  proceeded  with  a  velocity  of  1030  m/sec. 
Photo  2  (a)  shows  this  extraordinarily  low  ve¬ 
locity  reaction  in  a  copper  tube  of  5.5  mm 
diameter. 

Traces  of  these  extraordinarily  low  veloc¬ 
ity  reactions  were  faint  and  irregular.  In  a 
tube  with  a  slit,  the  trace  in  the  streak  pho¬ 
tograph  was  intermittent, and  it  appears  as  if 
the  photograph  was  taken  with  a  shot  in  a  tube 
with  holes.  The  difference  in  velocities  ob¬ 
served  in  tubes  with  slits  and  holes,  suggests 
that  interaction  of  the  wave  with  those  openings 
may  have  some  roles  in  the  mechanism  of  wave 
propagation. 

All  the  four  shots  in  lead  tubes  gave 
traces  which  undulated  periodically  in  their 
streak  photographs.  Among  them,  three  had  near¬ 
ly  the  same  velocity  of  1422  to  1460  m/sec,  and 
the  pitch  of  the  undulation  was  ca.  13ysec  or 
18  mm.  One  of  the  shots  in  6  mm  lead  tubes  made 
a  transition  to  HVD.  The  pitch  of  the  undulation 
creased  gradually  to  about  two  thirds  of  the 


TABLE  2 

DETONATION  VELOCITIES  OF  METHYLNITRATE  IN  TUBES  OF 
VARIOUS  MATERIALS 


Material 

Density 

(g/ml) 

Sound 

Velocity 

(m/sec) 

Inner 

Diameter 

(mm) 

LVD 

(m/sec) 

HVD 

(m/sec) 

Alluminum 

2.70 

6420 

6 

504 

ii 

ii 

ii 

n 

1030 

Steel 

7.83 

4982 

7 

6840 

Copper 

8.92 

3666 

5.5 

604 

6890 

ii 

ii 

ii 

8 

6730 

Lead 

11.33 

1320 

4 

1427 

ii 

ii 

it 

6 

1460 

n 

ii 

ii 

n 

1600*— 

-  7320* 

Remark 


Hole 

Slit 

M 

Hole 

n 

Slit 


*  A  case  of  transition  to  HVD  from  LVD. 
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Photo  1  TYPICAL  STREAK  PHOTOGRAPHS  OF  DETONATION  OF  MN  IN  GLASS  TUBES. 


a. 


b. 


High  velocity  detonation 
<£=10  mm,  boosted  with  1.7  g  P-30. 


Unstable  low  velocity  detonation 
^=5  mm,  initiated  with  a  No.  6  cap. 

Photo  2.  EXPLOSION  OF  MN  IN  METAL  TUBES 


Stable  low  velocity  detonation 
<£=10  mm,  initiated  with  a  No.  6  cap 


Transition  to  HVD  from  LVD 
<P=  10  mm,  boosted  with  1.7  g  P-30. 


Extraordinarily  low  velocity  propagation  in  copper  tube 
0=5.5  mm,  initiated  with  detonating  fuse,  D=604  m/sec. 


b. 


Undulating  propagation  in  a  lead  tube 
(p  =6  mm,  initiated  with  a  No.  6  cap,  D=1 460  m/sec. 
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original  value  and  then  transferred  abruptly  to 
HVD.  HVD  trace  was  continuous  and  solid  as  the 
other  HVD  traces.  This  overshooted  HVD  was  es¬ 
timated  to  have  a  detonation  velocity  of 
7320  m/sec.  Photo  2  (b)  is  a  streak  photograph 
of  the  shot  in  6  mm  diameter  lead  tube.  The 
reaction  proceeds  with  the  velocity  of  1450  m/sec 
in  the  regime  of  undulation  with  the  decreasing 
pitch.  Transition  to  HVD  is  seen  at  very 
near  the  tube  end.  These  undulation  suggests 
spinning  of  the  reaction  wave  front.  (2) 

EFFECT  OF  DILUENTS  ON  EXPLOSION  OF  METHYLNITRATE 

Seven  kinds  of  inert  liquids  were  mixed 
with  MN.  All  the  mixtures  were  shot  in  hard 
glass  tubes  with  inner  diameters  of  10  mm,  and 
their  explosions  were  observed  with  the  streak 
camera.  Likely  as  in  the  case  of  pure  MN,  HVD 
and  stable  LVD  were  observed  and  transition  from 
LVD  to  HVD  also  happened  occasionally,  but  un¬ 
stable  LVD  did  not  occur. 

Detonation  velocity  of  a  mixture  generally 
decreases  as  the  content  of  the  diluent  increases, 
and  further  increase  of  the  diluent  over  a  certain 
critical  mixing  ratio  (a  quenching  limit)  results 
in  a  failure  of  propagation.  Figure  2  and  3  show 
the  variation  of  detonation  velocities  with  con¬ 
tents  in  volume  percent  of  the  diluents,  for  the 
mixture  with  chloroform  and  for  that  with  carbon- 
tetrachloride  respectively. 


D  (km/sec) 


Fig.  3  -  Detonation  vilocities  of  HVD  and  LVD 
in  MN-carbontetrachloride  mixtures 

As  the  diluent  increases,  velocities  of 
HVD  and  LVD  in  the  mixture  with  carbontetrachloride 
linearly  decrease  from  the  values  for  pure  MN, 
on  the  other  hand  for  the  mixture  with  chloroform 
either  curve  has  a  hunch  near  at  5  percent. 


D  (km/sec)  0  strong  Initiation 


Fig.  2  -  Detonation  velocities  of  HVD  and  LVD 
in  MN-chloroform  mixtures 


Quenching  limits  for  LVD  of  the  two  mixtures 
are  nearly  the  same,  but  those  for  HVD  are  dif¬ 
ferent.  These  limits  depend  not  only  on  the 
kind  of  the  diluents  but  also  on  the  charge  di¬ 
ameter.  The  bigger  the  charge,  the  larger  is 
the  value  of  quenching  limit.  The  charge  diameter 
of  10  mm  is  suitable  to  discriminate  the  differ¬ 
ence  in  quenching  effects  of  inert  liquids. 
Quenching  limits  of  the  other  five  liquids  were 
also  obtained.  Table  3  shows  the  results  for 
LVD  in  volume  percent  as  well  as  in  weight  percent. 

The  order  of  these  limits  agrees  with  the 
order  of  densities  and  also  with  the  order  of 
shock  impedances  at  50  Kbar.  The  value  changes 
from  ca.  10  percent  in  weight  for  the  light 
cyclohexane  to  ca.  50  percent  for  the  dense 
carbontetrachloride.  Shock  impedances  are  cal¬ 
culated  from  the  shock  Hugoniot  data  for  these 
liquids  obtained  by  Walsh  and  Rice  (5).  This 
order  is  well  explained  by  assuming  that  the 
mixture  consists  of  many  micro-phases  of  MN  and 
of  diluent  and  that  any  diluent  behaves  merely 
as  a  shock  transmitter  between  active  MN  phase 
(6,7). 


The  order  of  the  quenching  limits  for  HVD 
did  not  always  conform  to  the  order  of  the  shock 
impedances  of  these  diluents,  similarly  with  the 
mixtures  of  nitromethane  and  inert  diluents.  In 
those  mixtures  of  nitromethane  and  inert  diluents, 
polar  inert  liquids  such  as  chloroform  revealed 
the  high  quenching  ability  (6).  Though  not 
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TABLE  3 


CRITICAL  MIXING  PERCENTS  OF  INERT  LIQUIDS 


Liquid 

Density 

Shock  Impedance 

Quenching  Limit 

at  50  kb 

(g/ml ) 

(xl05CGS) 

Vol.  % 

Weight  % 

Cyclohexane 

0.778 

3.184 

10—15 

7— 

-10 

Ethyl  alcohol 

0.785 

3.247 

15—20 

10— 

-14 

Benzene 

0.874 

3.571 

15—20 

11  — 

-15 

Monochloro¬ 

benzene 

1.101 

4.058 

20—22.5 

18- 

-20 

Nitrobenzene 

1.198 

4.385 

20—22.5 

20- 

-22 

Chloroform 

1.480 

4.587 

35—40 

40- 

-45 

Carbon¬ 

tetrachloride 

1.589 

4.789 

40—45 

i 

i 

*3- 

-52 

marked  as  in  the  case  of  nitromethane,  the  dif¬ 
ference  between  quenching  limits  of  the  two 
liquids  is  larger  than  that  presumed  from  the 
difference  between  their  shock  impedances.  A 
mixture  containing  non-pol ar  carbontetrachloride 
can  transmit  HVD  even  in  a  large  content  of  dil¬ 
uent  more  than  half  the  weight  of  the  mixture, 
and  the  quenching  limit  for  HVD  ecceeds  that  for 
LVD.  HVD  is  more  apt  to  initiate  than  LVD  in 
high  diluent  content.  Whereas,  for  mixtures 
with  chloroform,  LVD  is  easier  to  propagate  than 
HVD  in  high  diluent  content. 

To  make  sure  of  the  shape  near  the  hunch 
in  the  HVD  velocity  curve  of  Fig.  2,  we  estimated 
detonation  velocities  of  HVD  accurately  in  the 
range  of  0  to  10  percent  in  volume  with  the 


interval  of  2.5  percent.  Mixtures  were  prepared 
within  the  error  in  mixing  ratio  of  ±  0.3  percent 
in  volume,  and  were  shot  in  long  tubes.  Each 
point  near  5  percent  on  the  HVD  curve  shows  the 
mean  of  values  for  2  to  3  shots.  It  assures  the 
existence  of  a  hunch  on  the  HVD  curve,  and  sug¬ 
gests  the  existence  of  such  a  hunch  also  on  the 
LVD  curve.  There  may  be  a  correlation  between 
this  hunch  and  the  strong  quenching  effect  of 
chloroform. 

ACKNOWLEDGEMENT 

The  authors  wish  to  express  their  profound 
thanks  to  Professor  Hikita  for  his  guidance  and 
discussion  and  to  Dr.  K.  Shiino  for  his  kindness 
of  preparing  methyl  nitrate  for  our  experiment. 


REFERENCES 


1.  T.  Urbansky,  "Chemistry  and  Technology  of  Explosives,"  Vol .  II,  pp.  160-163, 
Pergamon  Press,  New  York,  1965. 

2.  V.  V.  Mikhailov  and  M.  E.  Topchiyan,  "Study  of  Continuous  Detonation  in  an 
Annular  Channel,"  Combustion,  Explosion  and  Shock  Waves,  Vol.  1,  No.  4, 
pp.  12-14,  1967. 

3.  R.  W.  Watson,  C.  R.  Summers,  F.  Gibson,  and  V.  K.  Bobolev,  "Detonations  in 
Liquid  Explosi ves--The  Low  Velocity  Regime,"  The  Fourth  Symposium  on  Detonation, 
N.  0.  L.,  pp.  117-125,  1965. 

4.  A.  B.  Amster,  D.  M.  MoPachern,  and  Z.  Pressman,  "Detonation  of  Ni tromethane- 
Tetranitromethane  Mixtures:  Low  and  High  Velocity  Waves," 

Fourth  Symposium  on  Detonation,  N.  0.  L.,  pp.  126,  1965. 

5.  J.  M.  Walsh,  and  M.  H.  Rice,  "Dynamic  Compression  of  Liquids  from  Measurements 
on  Strong  Shock  Waves,"  J.  C.  P.,  Vol.  26,  No.  4,  pp.  815-823,  April  1957. 

6.  S.  Fujiwara,  M.  Kusakabe,  and  T.  Hikita,  "Study  of  Detonation  in  Multi -Components 
Condensed  Phase.  II.  On  Solutions  of  Nitromethane  and  Inert  Solvents," 

J.  Ind.  Expl .  Soc.  Japan(Kogyo  Kayaku),  Vol.  30,  No.  2,  pp.  77-80,  1969. 

7.  T.  Hikita,  S.  Fujiwara,  and  M.  Kusakabe,  "Two-Phase  Model  of  Detonation 
Propagation  in  Condensed  Explosives  with  Inert  Diluents,"  unpublished. 


208 


ETUDE  EXPER Ii/iENT  ALE  DE  LA  TRAITS  IT  ION 
DEFLAGRATION  -  DETONATION 
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We  have  entered  upon  the  study  on  the  transition  from  burning 
to  detonation  in  explosives  first  in  recording  the  detonation 
velocity  of  the  substance  continuously  with  a  method  grounded 
on  the  variations  of  an  electric  resistance,  then  in  making 
films  a  streak  camera. 

We  have  clearly  shown  the  following  points  : 

-  The  detonation  appears  inside  the  substance  at  some 
distance  of  the  burning  surface. 

-  The  detonation  velocity  is  at  the  beginning  very  higher 
than  the  stable  detonation  velocity.  During  some  time, 
there  is  a  ’’strong  detonation",  then  the  velocity  decrea¬ 
ses  progressively  till  the  velocity  of  the  stable  deto¬ 
nation. 

-  There  is  a  "retonation"  wave  who  builds  up  in  the  zone 
where  the  detonation  appears  and  spreads  backwards  till 
the  burning  surface. 


INTRODUCTION 

L' etude  du  passage  du  regime  de 
deflagration  au  regime  de  detonation  a 
une  importance  considerable,  notamment 
pour  les  probieraes  de  securite.  Des  fis¬ 
sures  ou  une  grande  porosite  h  l'inte- 
rieur  d'un  bloc  de  poudre  peuvent  entrai- 
ner  une  acceleration  de  la  combustion, 
d'ou  une  deflagration,  puis  une  detona¬ 
tion.  L'incendie  d'une  grande  quantite 
d'explosif  peut  conduire  h  sa  detonation 
et  ceci  a  ete  la  cause  de  graves  accidents. 

D'apres  les  nombreux  travaux 
effectues  dans  les  milieux  gazeux,  notara- 
ment  par  OPPENIIEIii  (l)  et  ZELDOVICK  (2), 
on  sait  que,  dans  ce  cas,  la  detonation 
demarre  a  une  certaine  distance,  en 
amont  de  la  flamrae. 

Avec  les  explosifs  condenses, 
cette  transition  est  plus  difficile  a 
observer,  car,  heureusement ,  lorsqu'un 
explosif  s  '  enf lamme ,  il  br&le  en  general 


sans  detoner.  La  detonation  n'est  obte- 
nue  que  si  le  confinement  est  tres  epais 
ou  si  la  quantite  d'explosif  est  grande, 
ce  qui  est  souvent  difficile  h  realiser 
dans  un  laboratoire.  Les  premieres  expe¬ 
rimentations  faites  notamnent  par  A. 
.iACEX  et  R.W.  GIPSON  (3)  ont  utilise  des 
mesures  de  vitesse  de  detonation  en  con- 
tinu.  Depuis,  des  enregistreraents  cine- 
matographiques  avec  une  camera  a  fente 
ont  ete  realises  par  N.  GRIFFITHS  et  J.m. 
GROOCOCK  (4),  D.  PRICE  et  J.F.  WEHNER  (5) 
A. V.  OBi'iENINE  et  A. I.  KOROTKOV  (6).  Ils 
ont  porte  soit  sur  des  explosifs  pulve- 
rulents  (hexogkne,  octogene,  pentrite, 
tetryl),  soit  sur  des  explosifs  couies 
(pentolite  et  DINA) • 

Dans  tous  les  cas  (explosif  ga¬ 
zeux,  explosif  pulverulent,  explosif 
couie),  le  processus  serable  £tre  le  sui- 
vant  :  1* acceleration  de  la  combustion 
du  milieu  explosif  place  sous  confine¬ 
ment  entraine  la  formation  d'onies  de 
compression  qui  partent  en  avant 
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dans  l*explosif  intact  ;  puis,  a  une  cer- 
taine  distance,  ces  ondes  se  rattrapent 
pour  former  une  onde  de  choc  ;  enfin  ce 
choc  s'il  est  d* intensity  suffisante, 
declenche  la  reaction  chimique  et  se 
transforme  en  detonation. 

Ajoutons  cependant  quf ANDREEV 
et  ses  sollaborateurs  (7)  proposent  un 
m^canisme  quelque  peu  different  pour  les 
explosifs  de  mine.  Ils  pensent  que  la 
transition  peut  £tre  due  a  1* augmenta¬ 
tion  de  la  surface  en  combustion.  Si 
cette  augmentation  est  suff isamment 
grande,  l*equilibre  entre  la  production 
de  gaz  et  l'ecoulement  de  ces  gaz  est 
instable  et  la  pression  augmente  rapide- 
ment  conduisant  a  la  formation  d'une 
onde  de  choc. 

Nous  allons  dans  ce  qui  suit 
decrire  les  experimentations  que  nous 
avons  faites. 

1.  ENREGrlSTREr-iENT  EN  GONTINU  DE  LA 

VITESSE  DE  DETONATION 

1.  1.  Description  de  la  methode 

La  methode  est  maintenant  clas- 
sique  :  elle  consiste  a  enregistrer  sur 
un  oscilloscope  la  variation  de  resis¬ 
tance  d'une  sonde  placee  longitudinale- 
ment  dans  la  cartouche  et  parcourue  par 
un  courant  d* intensity  constante. 

La  sonde  que  nous  avons  utilise e 
consiste  en  un  fil  de  nichrome  enroul^ 
sur  un  fil  de  cuivre  emaille,  le  tout 
etant  rev§tu  d'une  pellicule  de  nylon  et 
place  h  l'interieur  d'un  petit  tube  ;  ce 
type  de  sonde  a  l'avantage  de  fonction- 
ner  quelle  que  soit  la  vitesse  de  detona¬ 
tion  de  l'explosif  (reference  (8)). 

Une  deuxieme  sonde  de  mdme  type 
mais  dont  les  extremites  sont  isolees 
est  placee  soit  perpendiculairement  au 
ddbut  de  la  cartouche,  soit  axialement. 
Elle  permet  par  sa  mise  en  court-circuit 
le  declenchement  du  balayage  de  1* oscil¬ 
loscope  . 

1.  2.  Resultats  obtenus 

Comme  nous  souhaitions  par  la 
suite  visualiser  le  phenomene  de  transi¬ 
tion  deflagration  -  detonation,  nous 
avons  choisi  de  placer  l'explosif  sous 
un  confinement  transparent.  Ce  confine¬ 
ment  devant  presenter  en  outre  une  re¬ 
sistance  mecanique  elevee  (notamment 
resistance  au  choc  dd  a  la  pression  pro- 
duite  par  l'amorgage),  nous  avons  choisi 
des  tubes  epais  obtenus  par  moulage  d'une 
resine  polyester,  le  Rhodester  1108  CPSL. 
La  cdloration  de  cette  resine  est  prati- 


quement  nulle  m§me  sous  de  fortes  £pais- 
seurs  (indice  de  refraction  n  =  1,54  = 
indice  du  verre).  De  plus  ce  produit  pr6- 
sente  l'avantage  de  se  gelifier  a  la  tem¬ 
perature  ambiante,  sans  qu'il  soit  n^ces- 
saire  de  le  d^gazer. 

Les  dimensions  du  tube  choisi 

ont  6te  : 

0  intdrieur  =  40  mm 

0  ext^rieur  =  120  mm 

longueur  =  200  mm  (exception- 

nellement  400  mm) 

Le  tube  est  serre  entre  deux 
flasques  en  acier  maintenues  par  des 
tiges  filet^es.  Ces  deux  flasques  sont 
percees  de  trous,  celle  placee  du  c$te 
de  l,amorgage  a  un  trou  0  16  mm  pour 
emp$cher  un  eclatement  premature  du 
tube  ;  1* autre  a  un  trou  0  3  mm  pour 
perraettre  le  passage  des  sondes  de  mesure 
(fig.  n°  1). 


Fig.  1  -  Montage  experimental 

Experimental  arrangement 


L»explosif  utilise  est  de  l*he- 
xogene  qui  est  charge  dans  le  tube  sans 
tassement.  Au  contact  est  placee  une 
charge  d 1 alluraage  faite  de  10  g  de  pou- 
dre  (poudre  M  I  9)  mis  dans  un  petit 
cylindre  en  carton  ferme  par  une  feuille 
de  polyethylene  et  a  l*interieur  de 
laquelle  on  introduit  un  inflammateur 
Oevelot  P  53. 


210 


Calzia,  et  al 


Nous  reproduisons  ci-dessous 
(fig.  n°  2)  des  enregistrements  obtenus 
avec  de  l'hexogkne  CH  de  granulometrie 
moyenne  13  microns  charge  k  la  density 
de  1,0  et  des  enregistrements  obtenus 
avec  de  l'hexogfcne  B  de  granulometrie 
45  microns  charge  k  la  density  de  1,15. 


courbe  qui  correspond  au  regime  de  de¬ 
flagration  alarsque  celle-ci  n'etait  pas 
obtenue  dans  les  tirs  avec  l'hexogfcne 
CH.  Cette  difference  est  sans  doute  d<le 
k  une  augmentation  de  la  sensibilite  de 
nos  sondes  d'enregistrement. 


De  ces  enregistrements,  on 
peut  deduire  ce  qui  suit  : 

Dans  le  cas  de  l'hexogene  CH, 
la  detonation  apparait  au  bout  de  27  mm, 
sa  vitesse  est  au  depart  de  7200  m/s  k 
8000  m/s,  puis  elle  decroit  jusqu'k  une 
vitesse  stable  de  6000  m/s  qui  est  at- 
teinte  au  bout  d' environ  115  mm.  Cette 
vitesse  de  6000  m/s  correspond  d'ailleurs 
k  la  vitesse  de  detonation  stable  de 
l'hexogene  dans  les  conditions  de  dens it 6 
de  diamfctre  et  de  confinement  oil  l'on 
opfcre. 

Dans  le  cas  de  l'hexogene  B, 
remarquons  d'abord  que  l'on  voit  la 


La  deflagration  se  propage  k 
une  vitesse  comprise  entre  550  et  1180 
m/s  ;  la  detonation  apparait  k  une  dis¬ 
tance  comprise  entre  20  et  32  mm  de  la 
zone  de  deflagration  et  a  une  distance 
comprise  entre  67  et  77  mm  de  la  face 
initiale  de  l'explosif. 

Dans  un  tir,  celui  ou  la  vitesse 
de  deflagration  est  la  plus  grande  (tir 
n°  79),  nous  n'avons  pas  enregistre  de 
disoaatinuite  entre  la  deflagration  et  la 
detonation.  La  detonation  apparait  au 
contact  m6me  de  la  zone  en  deflagration. 

La  vitesse  de  detonation 
moyenne  est,  dans  tous  les  cas,  comprise 
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emre  6^-00  et  7400  m/s.  Elle  apparait 
sur  les  cliches  un  peu  plus  forte  au 
debut  qu'a  la  fin  ;  on  a  tres  approxina- 
tivement  une  vitesse  voisine  de  7500  m/s 
au  debut  et  tend ant  vers  6000  m/s  au 
bout  d'un  certain  temps. 

2.  ENRE  A VEC  UNE  GAMIER  A  ULTER- 

RAPIDE 

2.  1.  Appareilla/=ces  utilises 

Voyons  quelles  sont  les  caracte- 
ristiques  des  tirs  que  nous  effectuons  : 

Li*abord,  le  temps  total  c'est- 
a-dire  le  temps  qui  separe  le  moment  ou 
l'on  met  a  feu  et  celui  ou  la  detonation 
est  stable  est  assez  long  compare  au 
temps  de  la  detonation  seule,  de  telle 
sorte  que  lors  d'un  enregistrement  avec 
une  camera  a  images  integrales,  l'ecart 
entre  deux  images  risque  d'etre  superieur 
k  la  duree  de  la  transition. 

D' autre  part,  le  temps  qui 
s'ecoule  avant  que  l'explosif  s’enflamme 
est  tres  aleatoire  et  on  ne  peut  done 
pas  songer  retrancher  ce  temps  de  la 
duree  du  phenom&ne  enregistre. 

Compte  tenu  de  cela,  les  moyens 
cinematographiques  qui  nous  semblent  les 
plus  interessants  sont  de  deux  types  : 

1)  so it  une  camera  a  miroir  tournant 
ay ant  une  grande  longueur  de  film 
de  fagon  a  ce  que  l*on  puisse  en- 
registrer  la  totalite  du  phenomene 
tout  en  conservant  une  precision 
valable  pour  la  phase  de  transition. 

2)  soit  une  camera  a  convertisseur 
damages,  car,  ce  type  de  camera 
ayant  un  delai  de  reponse  excess i- 
vement  court  (quelques  ns)  il  est 
alors  possible  de  declancher  la 
camera  au  raoyen  d*une  sonde  optique 
ou  electrique. 

Nous  avons  pour  notre  part 

utilise  : 

1)  la  camera  CF  1  du  Laboratoire 
Central  de  l'Armement.  C*est  une  camera 
du  premier  type  a  activite  totale.  La 
longueur  de  1* enregistrement  est  de 

1674  mm. 

2)  la  camera  a  convertisseur 
d1 images  T.R.W.  module  I.D.  C*est  une ^ 
camera  bivalente  qui  peut  £tre  utilisee 
en  version  camera  a  fente  ou  en  version 
camera  a  images  integrales  par  un  simple 
changement  de  tiroirs  electroniques . 


Ajoutons  que  dans  ce  cac,  le 
gain  de  lumiere  est  superieur  a  50,  ce 
qui  est  un  gros  avantage  comparative- 
ment  a  'une  camera  classique  (gain  <  l) 
et  permet  d 1 enregistrer  des  phenomenes 
peu  lumineux. 

2 .  2 .  Resultats  obtenus  avec  la 
camera  a  fente  CF  1 

Le  montage  experimental  est 
celui  que  nous  avons  deer it  au  para- 
graphe  1  :  tube  de  Rhodester  0  40/120 
de  longueur  200  mm,  amor gage  par 
inflammateur  G-evelot  P  55  et  relais  de 
10  g  de  poudre  n  I  9. 

Nous  reproduisons  ci-apres  un 
des  films  obtenus  (fig.  n°  5)  ;  l*ex- 
plosif  etait  dans  ce  cas  de  lfhexogene 
CH  de  granulornetrie  moyenne  13  microns. 


Fig*  3  -  Enregistrement  a  la  camera  a 
fente  CF1. . .  Recording  with 
the  streak  camera  CF1. 


Le  depouillement  du  cliche  est 
le  suivant  : 

Trait  (l)  -  il  correspond  a  la  com¬ 
bustion  de  la  poudre  ii  I  9. 
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Trait  (2)  -  il  correspond  a  une 
vitesse  de  detonation  qui  est  dans  les 
premiers  centimetres  egale  a  7500  m/s 
et  qui  dicroit  ensuite  a  6600  rn/s,puis 
6000  m/s  (vitesse  atteinte  au  bout 
d1 environ  120  mm). 

Trait  (3)  -  il  doit  Stre  dfl.  a  1* dela¬ 
te  meat  du  tube  de  Rhodes ter.  D'ailleurs 
a  cet  endroit  la  plaque  de  plomb  sur 
laquelle  est  pose  le  tube  fait  apparai- 
tre  un  tres  net  dtalement  lateral  de 
1*  ernpreinte. 

Trait  (4)  -  nous  expliquerons  ce 
trait  large  en  supposant  qu'il  est  dfl.  a 
une  detonation  en  retour  qui  s'initie 
dans  la  zone  ou  apparait  la  detonation 
et  qui  se  propage  jusqu'k  atteindre  le 
front  de  combustion.  La  vitesse  de  cette 
detonation  est  vasine  de  2300  m/s. 

Distance  (d)  -  c*est  la  distance  a 
laquelle  apparait  la  detonation.  File 
est  d* environ  38  mm. 


2 .  3 •  Resultats  obtenus  avec  la 

camera  I..:.W.  en  version 

"fente" 

Pour  essayer  d1 obtenir  sur  un 
m@me  cliche  la  propagation  de  la  defla¬ 
gration,  la  propagation  de  la  detona¬ 
tion  et  des  details  sur  la  zone  de 
transition,  nous  avons  effectue  une 
serie  conpleraentaire  d'essais  avec  la 
camera  h  convert isseur  d' images  T.R.W. 
munie  de  son  tiroir  permettant  le  fonc- 
tionnement  en  camera  a  fente.  Le  gain 
de  lumiere  que  lbn  peut  obtenir  avec 
cette  camera  permet  en  effet  de  conser- 
ver  une  fente  assez  fine,  uSrae  si  l*on 
veut  enregistrer  des  phenomenes  peu 
lumineux. 

Les  tirs  sont  les  m@mes  que 
ceux  du  paragraphe  1.  Dans  de  nonbreux 
cas  cepeniant,  nous  n1 avons  malheureu- 
sement  pas  pu  obtenir  siraultanement  des 
enregistrements  sur  1* oscilloscope  et 
sur  la  camera,  un  seul  des  deux 


Q  25  50  75  100/<s 


Fig.  4  -  Enregistrements  a  la  camera  T.R.W.  en  version 

fente...  dtreak  recordings  with  the  camera  T.R.W. 
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appareils  se  d^clenchant  k  chaque  fois. 

Les  courbes  obtenues  sont 
reproduites  fig.  n°  4  et  deux  cliches 
sont  donnas  a  la  suite  (fig.  n°  5  et  6). 


On  observe  aussi  (cf  tir  89 
notamment  :  fig. 6)  une  onde  de  choc  qui 
se  propage  k  la  suite  de  l'onde  de 
retonation  k  l'interieur  des  produits 
de  decomposition  6mis  par  la  deflagra- 


r“ 

10^6 


Fig.  5  -  Tir  n°  85...  Blasting  n°  85 


La  vitesse  de  deflagration  est 
comprise  entre  400  et  1150  m/s. 

La  detonation  apparait  a  une 
distance  comprise  entre  18  et  50  mm  de 
la  zone  en  deflagration  et  a  une  dis¬ 
tance  comprise  entre  65  et  80  mm  de  la 
face  initiale  de  l'explosif.  Sa  vitesse 
moyenne  qui  est  tres  difficile  k  lire 
varie  de  6200  k  8000  m/s. 

On  observe  en  outre  une  deto¬ 
nation  en  retour  ("retonation”)  qui 
sfinitie  dans  la  zone  ou  apparait  la 
detonation  et  qui  se  propage  jusqu'a 
atteindre  le  front  en  combustion.  La 
vitesse  de  cette  detonation  est  tou- 
jours  voisine  de  4000  m/s. 


- ►loomm 

V 


Fig.  6  -  Tir  n°  89...  Blasting  n°  89 


tion.  Cette  onde  de  choc  slamortit  au 
fur  et  a  mesure  qu’elle  se  propage. 


CONCLUSION 

Les  differents  resultats  pre- 
sentes,  confirment  bien  que  la  detona¬ 
tion  s* amorce  nettement  en  avant  de  la 
deflagration. 

Nous  avons  en  plus  montre  que 
cette  detonation  avait  au  depart  une 
vitesse  nettement  superieure  k  la  vites¬ 
se  de  detonation  stable.  Elle  se  propage 
en  effet  dans  de  l'explosif  qui  a  6 te 
comprime  et  ce  n*est  qu*au  bout  d*un 
certain  temps  que  lfon  tend  vers  la 
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detonation  stable. 

Nous  avons  vu  aussi  qu'il  appa- 
raissait  au  m$me  moment  que  cette  deto¬ 
nation  une  onde  de  detonation  en  retour 
qui  se  propageait  vers  l'arrikre  pour 
faire  detoner  ce  qui  n'avait  pas  reagi. 

Comparons  enfin  les  resultats 
obtenus  avec  les  deux  types  d'hexogkne  ; 
dans  le  cas  de  l'hexogene  B,  la  distance 
de  la  face  initiale  de  1‘explosif  a  la- 
quelle  apparait  la  detonation  est  com¬ 
prise  entre  6  et  8  cm  ;  dans  le  cas  de 
l'hexogene  CH,  cette  distance  est  voisi- 
ne  de  3  cm.  On  constate  done  ici  que, 
lorsque  la  taille  des  grains  d'explosif 
diminue,  la  distance  a  laquelle  apparait 
la  detonation  diminue. 

Ajoutons  que  si  le  processus 
trouve  pour  les  explosifs  de  mine  est 
different  de  celui  rencontre  ici,  e'est 
sans  doute  a  cause  de  la  grande  viscosite 
de  ces  explosifs  qui  fait  que  les  ener¬ 
gies  raecaniques  se  transmettent  mal.  Le 
signal  de  pression  dmis  par  le  front  de 
flamme  ne  se  propage  plus  et  se  trans¬ 
forme  immediatement  en  chaleur.  La  com¬ 
bustion  va  done  opdrer  sur  un  milieu 
plus  chaud,  done  va  aller  plus  vite.  En 
outre  les  gaz  de  combustion  vont  s'in- 
filtrer  dans  le  milieu  qui  est  poreux  et 
entrainer  une  augmentation  de  la  surface 
en  combustion,  done  une  augmentation  de 
la  pression  des  gaz  braids.  La  vitesse 
de  reaction  et  la  pression  vont  croitre 
ainsi  jusqu'a  atteindre  la  detonation  et 
celle-ci  se  produira  alors  dans  la  zone 
m$me  en  combustion. 
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Samples  of  the  plastic  bonded  HMX  explosive  PBX-9404  were  subjected  to 
plane  shock  waves  with  pressures  which  would  not  cause  detonation  within 
the  thickness  of  the  samples.  A  significant  fraction  of  the  PBX  decom¬ 
posed  when  the  initial  shock  was  of  adequate  pressure.  Decomposition 
of  the  PBX  was  detected  by  increases  in  the  free-surface  velocity  of 
the  PBX  and  of  driven  Plexiglas  plates.  In  response  to  an  initial  shock 
of  23  kb  some  decomposition  occurs  near  the  shock  front,  and  when  the 
sample  is  at  least  5  mm  thinner  than  the  run  to  high-order  detonation 
significantly  more  decomposition  occurs  at  times  greater  than  1  psec 
after  the  shock  front  has  passed.  The  late  decomposition  generates  a 
slow-rising  pressure  pulse  rather  than  a  sharp-fronted  detonation. 

The  PBX  located  within  about  5  nm  of  the  transition  to  high-order  det¬ 
onation  reacts  essentially  completely  within  much  less  than  1  psec  after 
the  shock  front  has  passed.  _ 


INTRODUCTION 

It  is  generally  agreed  that  shock  initia¬ 
tion  in  homogeneous  explosives,  such  as  nitro- 
methane,  results  from  thermal  explosion  of  the 
shock-heated  explosive  [1] .  Shock  initiation 
in  a  heterogeneous  explosive,  such  as  the  plas¬ 
tic  bonded  HMX  explosive  PBX-9404,  is  more  com¬ 
plicated.  The  typical  shock  pressure  required 
to  initiate  detonation  is  about  30  kb.  The 
temperature  rise  associated  with  homogeneous 
compression  alone  for  a  30  kb  shock  is  about 
100° C.  This  temperature  rise  alone  is  too  small 
to  initiate  detonation.  Detonation  is  initiated 
because  hot  spots  are  formed  when  the  shock 
encounters  density  discontinuities.  The  explo¬ 
sive  in  the  hot  spots  reacts  and  liberates 
energy  which  increases  the  shock  pressure  so 
that,  when  the  shock  encounters  additional  den¬ 
sity  discontinuities,  larger  hot  spots  are 
formed  and  more  of  the  explosive  reacts.  The 
shock  front  accelerates  as  its  pressure  in¬ 
creases.  In  time,  the  shock  pressure  increases 
sufficiently  that  shock  heating  initiates  det¬ 
onation.  The  reader  is  referred  to  Refs.  [2-4], 
for  a  more  complete  discussion  of  the  sequence 
of  events,  and  to  Refs.  [5,6],  for  a  discussion 
of  hot  spots. 

The  usual  plane-wave  initiation  experiments 
with  heterogeneous  explosives  show  what  happens 
at  the  shock  front,  but  these  experiments  are 
not  informative  about  what  happens  behind  the 
shock  front.  It  seems  obvious  that  some  explo¬ 
sive  in  the  hot  spots  reacts,  but  how  much  and 


on  what  time  scale?  Do  the  pressure  pulses 
generated  by  individual  hot  spots  interact  to 
create  new  hot  spots  where  additional  reaction 
occurs?  [7]  The  published  experiments  [8-12] 
with  shocked-but-not -detonated  explosive  are 
complicated  by  two-dimensional  flow.  In  this 
paper  we  describe  experiments  which  were  per¬ 
formed  with  large  charges  and  plane  shock  waves. 

The  experiments  reported  below  show  that , 
if  the  initial  shock  in  PBX-9404  is  of  adequate 
pressure,  there  is  significant  reaction  near 
the  front.  The  amount  of  early  reaction  in¬ 
creases  with  the  initial  pressure  of  the  shock 
and  with  the  distance  which  the  shock  has  trav¬ 
eled  in  the  explosive.  Under  appropriate  con¬ 
ditions  there  is  a  rarefaction  following  the 
shock  front  which,  in  turn,  is  followed  by 
another  pressure  pulse.  The  second  pressure 
pulse  is  interpreted  as  evidence  of  decomposi¬ 
tion  occurring  well  after  the  shock  front  pass¬ 
es.  The  second  pulse  is  a  slow-rising  pulse. 
The  peak  pressure  inferred  is  always  equal  to 
or  less  than  that  of  detonating  PBX-9404,  which 
indicates  phenomena  different  from  those  in  a 
homogeneous  explosive. 

EXPERIMENTAL  ARRANGEMENT 

Our  scheme  was  to  observe  how  a  shock  wave 
changed  as  it  advanced  through  a  sample  of  ex¬ 
plosive,  then  to  deduce  how  much  reaction  oc¬ 
curred  from  the  changes  in  the  shock  wave. 
Changes  in  the  shock  wave  were  detected  by 
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changes  which  it  caused  in  the  free-surface 
velocity  of  Plexiglas  plates,  which  were  driven 
by  the  shock  wave  after  it  had  passed  through 
various  thicknesses  of  test  explosive.  The 
initial  free-surface  velocity  as  a  function  of 
the  plate  thickness  and  the  instantaneous  free- 
surface  velocity  of  each  plate  as  a  function  of 
time  were  measured.  Representative  data  from 
both  types  of  measurements  are  given. 

The  explosive  studied  was  PBX-9**0*4  with  an 
initial  density  of  1.8*10  ±  0.003  g/cc.  The 
nominal  composition  by  weight  was  9*1  parts  HMX 
and  6  parts  plastic.  About  1 . *4%  of  the  volume 
was  voids. 

The  experimental  arrangement  and  technique 
for  measuring  the  velocity  of  a  driven  plate 
were  chosen  so  that:  a)  Plane  shock  waves  with 
sharply  rising  fronts  and  relatively  small  fol¬ 
lowing  rarefactions  were  induced  into  the  PBX. 
b)  All  measurements  were  made  before  the  shock 
waves  were  affected  by  edge  effects  or  by  suc¬ 
cessive  shocks  from  the  booster,  c)  The  appa¬ 
ratus  used  for  measurements  introduced  only 
trivial  perturbations  and  responded  meaningfully 
to  a  wide  range  of  pressures. 

A  typical  experimental  charge  consisted  of 
a  plane-wave  booster  system,  a  slab  of  PBX  with 
a  thickness  less  than  the  run  to  high-order 
detonation,  and  an  inert  plate.  Sometimes  the 
plate  was  omitted  and  the  free  surface  of  the 
PBX  was  observed  directly. 

The  experimental  parameters  varied  were 
the  booster  system  and  thereby  the  initial 
pressure  and  the  run  to  high-order  detonation 
in  the  PBX,  the  thickness  of  the  PBX,  and  the 
thickness  of  the  driven  plate. 

An  investigation  was  made  of  the  effect 
due  to  the  type  of  material  used  as  the  driven 
plate.  A  driven-plate  material  which  reflects 
a  strong  shock  back  into  the  PBX  apparently 
modifies  the  decomposition  time,  presumably  by 
additional  shock  heating.  A  plate  material 
which  reflects  a  strong  rarefaction  (in  the 
extreme  case,  no  plate)  presumably  also  mod¬ 
ifies  the  decomposition  by  rarefaction  cooling. 
Effects  due  to  rarefaction  cooling  seem  to  be 
relatively  small. 

Plexiglas11  is  a  relatively  good  shock  im¬ 
pedance  match  to  PBX.  It  reflects  a  small  rare¬ 
faction;  consequently,  neither  additional  shock 
heating  nor  major  rarefaction  cooling  occurs  to 
complicate  the  decomposition  when  Plexiglas  is 
used  as  the  driven  plate.  Most  of  the  data 
given  here  were  obtained  from  experiments  in 
which  the  driven  plate  was  made  of  Plexiglas. 


"Polymethylmethacrylate  manufactured  by  Rohm 
and  Haas,  Inc. 


TECHNIQUE  AND  ANALYSIS 

In  selected  experiments  electrical  switches 
and  an  electronic  chronograph  were  used  to  meas¬ 
ure  the  free-surface  velocities  of  the  driven 
plates.  However,  most  of  the  measurements  were 
made  with  a  modification  of  the  optical  tech¬ 
nique  described  by  Davis  and  Craig  [13] .  The 
modification  used  "tagged”  plates  rather  than 
*an  image.  The  free-surface  of  PBX  showed  suf¬ 
ficient  difference  between  the  reflectivity  of 
grains  of  HMX  and  the  plastic/fine-powder  matrix 
to  yield  adequate  records  without  tagging.  The 
optical  technique  gave  a  continuous  record  of 
the  position  of  the  free  surface  as  a  function 
of  time. 

Much  of  the  qualitative  behavior  of  the 
free  surface  can  be  seen  directly  from  the 
smear-camera  records.  Two  typical  records, 
obtained  with  bare  PBX,  are  reproduced  as  Figs. 

1  and  2  so  that  the  reader  can  see  the  qualita¬ 
tive  change  in  behavior.  The  important  differ¬ 
ence  in  the  experiments  from  which  these  rec¬ 
ords  were  obtained  was  the  thickness  of  the 
PBX.  The  space  and  time  scales  for  both  figures 
are  essentially  identical.  The  shock  arrival 
at  the  free  surface  is  marked  by  an  abrupt 
change  in  reflectivity.  The  white  streaks  were 


Figs.  1  and  2  -  Reproductions  of  smear-camera 
records  of  the  free-surface  motion  of  PBX.  The 
thickness  of  the  PBX  for  the  upper  and  lower 
records,  was  6.3  and  2.5  mm  respectively.  Time 
increases  from  left  to  right;  each  marker  cor¬ 
responds  to  0.10  ysec.  The  vertical  field  of 
view  represents  11  run  of  motion  in  each  record. 
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formed  by  light  reflected  from  the  larger  HMX 
crystals.  The  white  vertical  line  is  a  super¬ 
imposed  image  of  the  slit.  The  slope  of  the 
streaks  is  a  measure  of  the  velocity;  the 
curvature  of  the  streaks  is  a  measure  of  the 
acceleration. 

For  quantitative  purposes  six  readings, 
each  consisting  of  about  100  position-time  data 
points,  were  taken  of  each  record.  Results 
given  in  this  paper  (except  those  obtained  with 
pins)  were  obtained  by  fitting  the  data  from 
each  record  with  a  Fourier  analysis  and  syn¬ 
thesis  technique.  Ibis  is  a  numerical  tech¬ 
nique  for  smoothing  data  in  the  velocity-time 
plane  by  use  of  time  series  analysis  and  sta¬ 
tistical  comnunication  theory  [14] .  The  Fourier 
transform  of  each  reading  is  taken.  Transfer 
functions,  which  minimize  the  differences  in 
time  shifts  and  magnitudes,  are  computed.  The 
spectral  coherency  among  all  readings  is  com¬ 
puted  for  each  frequency  component  and  a  com¬ 
posite  transform  is  computed.  The  inverse  of 
the  composite  transform  is  taken  as  the  smoothed 
function.  The  main  advantage  of  this  particular 
technique  is  that  a  predetermined  form  for  the 
fit  is  not  required  so  the  smoothing  is  less 
arbitrary  than  it  is  in  most  other  techniques. 
Several  other  smoothing  schemes  were  also  tried; 
none  resulted  in  a  significantly  different  final 
result.  All  of  the  important  features  of  the 
smoothed  data  may  be  seen  directly  from  a  plot 
of  the  raw  data. 

The  technique  used  does  not  completely 
smooth  the  data  with  only  six  readings.  Some 
short  time  excursions  introduced  by  reading 
errors  remain.  The  trends  are  significant;  the 
short  time  excursions  are  to  be  ignored. 

EXPERIMENTAL  DATA 

A  description  of  the  booster  systems  is 
given  as  Table  1.  The  slabs  of  PBX  placed  on 
these  boosters  were  of  the  thickness  specified 
in  each  figure  and  were  at  least  100  mm  in 


diameter.  The  Plexiglas  plates  placed  on  the 
PBX  were  at  least  50  mm  in  diameter. 

Some  results  obtained  when  slabs  of  PBX 
were  initially  shocked  to  40  and  58  kb  are 
shown  in  Fig.  3*  The  figure  displays  the  fits 
to  the  free-surface  velocity  of  a  5-rrm  thick 
Plexiglas  driven  plate  as  a  function  of  time. 
Increasing  the  thickness  of  the  PBX  results  in 
a  higher  initial  free-surface  velocity.  The 
observed  decelerations  of  the  free  surface  are 
consistent  with  the  initial  free-surface  veloc¬ 
ities  observed  in  other  shots  in  which  the  only 
change  was  the  use  of  thinner  plates  of 
Plexiglas . 

As  the  amplitude  of  the  initial  shock  in 
the  PBX  is  decreased,  the  character  of  the 
free-surface  velocity  time  curves  changes. 

This  may  be  seen  by  comparing  Fig.  3  with  Fig. 
4.  The  initial  pressure  in  the  PBX  samples  of 
Fig.  4  was  29.5  kb.  Data  are  plotted  for  two 
thicknesses  of  driven  Plexiglas  (5  and  2  mm), 
various  thicknesses  of  PBX,  and  two  treatments 
of  the  PBX  interfaces.  The  free-surface  veloc¬ 
ity  increases  as  a  function  of  time  for  the 
first  1  to  2  usee  in  most  of  the  experiments. 
The  acceleration  is  relatively  constant  and 
does  not  show  large  discontinuities  typical  of 
successive  shocks  and  detonations. 

Those  data  identified  with  the  letter  G 
following  the  numeral  which  represents  the  PBX 
thickness  were  obtained  with  charges  assembled 
in  the  following  way.  The  components  were 
cleaned  and  measured.  A  puddle  of  Eastman  910 
adhesive  was  placed  near  the  center  of  each 
piece.  The  appropriate  components  were  quickly 
pressed  together  between  flats  so  that  excess 
adhesive  flowed  out  all  around.  After  the  ad¬ 
hesive  had  set,  the  pressure  was  removed,  the 
combined  thickness  was  measured,  and  the  thick¬ 
ness  of  the  glue  joint  was  calculated.  The 
process  was  repeated  as  each  piece  was  added. 
The  thickness  of  the  glue  layer  did  not  exceed 
0.02  mm  anywhere.  Those  data  not  identified 


Table  1 


Description  of  Booster  Systems 
(except  as  noted  all  components  were  at  least  203-nm  diam) 


Type 

Lens 

Explosive 

Thickness  Nhterial 
(mm) 

Attenuator  I 
Thickness  Material 

(mm) 

Attenuator  II 
Thickness  Material 
(mm) 

Attenuator  III 
Thickness  Material 
(mm) 

p-120 

P-081 

P-081 

P-081 

P-081 

P-0586 

50 . 8  Boracitol 

25.4  Baratol 

25 . 4  Baratol 

25 . 4  Baratol 

25.4  Baratol 

33.8  NQf 

12.7  Brass 

24.1  Brass 

17 • 8  Polyethylene 

17 . 8  Polyethylene , 

17 . 8  Polyurethane*1 

11.4  SS-304 

12.7  Durala 

15 . 0  Acrylite0 

11.4  SS-304C 

ll.it  SS-304 

ll.it  SS-304 

10.9  Acrylite 

10 . 9  Acrylite 

10 . 9  Water 

10.9  Acrylite 

a  2024  T4  Dural 

b  Polymethylmethacrylate  manufactured  by  American  Cyanamid,  Inc. 
c  Stainless  steel  Type  304 
d  Foamed  plastic,  p0  =  0.48  g/cc 

e  147-mm  diam,  68  nm  thick.  Lens  made  of  nitroguanidine  with  an  initial  density  of  0.4  g/cc  and 
with  PBX-9404  (2.54  mm  thick)  as  the  high-velocity  component, 
f  Nitroguanidine,  Pq  =  0.4  g/cc.  147-mm  diam  confined  in  brass. 
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with  the  letter  G  were  obtained  with  charges 
assembled  dry.  The  separation  between  compo¬ 
nents  assembled  dry  did  not  exceed  0.03  im.  As 
may  be  seen  from  Fig.  4  these  two  treatments  of 
the  interfaces  resulted  in  the  same  behavior  of 
the  PBX.  Similar  results  were  also  obtained 
when  the  terminal  plate  of  the  booster  was 
lapped  plane.  By  contrast,  sufficient  rough¬ 
ening  of  the  surface  of  the  terminal  plate  in 
the  booster  did  have  an  effect. 

Data  obtained  when  the  PBX  was  shocked  to 
a  lower  pressure  (ca.  25  kb)  are  given  in  Fig. 
5.  The  booster  differed  from  that  used  in  the 
above  series  of  experiments  in  that  the  ter¬ 
minal  booster  layer  was  changed  from  a  solid  to 
a  liquid  (H20).  The  experiments  were  arranged 
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Fig.  3  -  Free-surface  velocity  as  a  function  of 
time  for  5-nm  thick  Plexiglas  plates  when  driven 
by  slabs  of  PBX-9404  which  are  thinner  than  the 
run  to  high-order  detonation.  Time  starts  when 
the  free  surface  begins  to  move.  Data  from  two 
booster  systems  are  given  —  one  which  would 
cause  a  6.3-mm  run  to  high-order  detonation 
(initial  pressure  =  40  kb)  and  another  which 
would  cause  3  •  2-rrm  run  to  high-order  detonation 
(initial  pressure  =  58  kb)  if  the  PBX  were 
sufficiently  thick.  The  numbers  2.5,  3*8,  and 
5  refer  to  the  thickness  in  millimeters  of  the 
PBX  driving  the  Plexiglas  plates. 


so  that  no  visible  bubbles  were  present  in  the 
water  or  at  either  of  its  interfaces.  The  PBX- 
Plexiglas  interface  was  filled  with  adhesive  in 
the  fashion  previously  described. 

When  the  pressure  of  the  initial  shock  in¬ 
duced  into  the  PBX  was  reduced  to  23  kb  the 
data  of  Fig.  6  were  obtained.  These  velocity 
curves  are  significantly  different  from  those 
of  Fig.  4.  In  most  cases  the  initial  free- 
surface  velocity  is  followed  by  a  deceleration 
and  then  the  slow  acceleration  noted  in  pre¬ 
vious  figures.  This  is  indicative  of  a  shock 
wave  in  which  the  initial  front  is  followed  by 
a  rarefaction  which  is  succeeded  by  a  regime  of 
rising  pressure.  The  spike  near  the  front  may 
correspond  to  the  energy  released  near  the 
front  by  hot  spots.  The  late  pressure  pulse 
indicates  decomposition  of  PBX  well  after  the 
shock  front  had  passed. 

The  data  of  Fig.  7  reveal  the  behavior  of 
PBX-9404  after  it  was  shocked  with  an  initial 
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Fig.  4  -  Free-surface  velocity  as  a  function  of 
time  for  5-  and  2-rrm  thick  Plexiglas  plates 
when  driven  by  shocked-but-not -detonated 
PBX-9404  initially  shocked  to  29.5  kb.  The 
numbers  0,  2.5,  3-8,  and  6.3  refer  to  the  thick¬ 
ness  in  millimeters  of  the  PBX  driving  the 
Plexiglas  plates.  The  letter  G  indicates  that 
both  interfaces  of  the  PBX  were  glued  as  dis¬ 
cussed  in  the  text. 
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pressure  near  8-5  l<b  -  The  initial  motion  of  a 
5-mn-thick  driven  Plexiglas  plate  was  essen¬ 
tially  the  same  for  slabs  of  PBX  which  were 
12.7  to  25.4  ran  thick.  The  free-surface  veloc¬ 
ity  did  not  increase  significantly  as  a  func¬ 
tion  of  time.  Auxiliary  experiments  with 
wedges  of  PBX  showed  that  the  shock  velocity 
decreased  as  the  shock  advanced  through  the 
PBX.  Apparently  the  initial  pressure  was  so 
low  that  the  mechanisms  involved  in  this  study 
would  not  initiate  high-order  detonation. 

The  data  of  Fig.  8  are  given  to  illustrate 
the  free-surface  velocity  of  the  PBX  itself. 
Data  obtained  with  two  different  booster  sys¬ 
tems  are  given.  Two  of  the  smear-camera  rec¬ 
ords  from  which  some  of  these  data  were  ob¬ 
tained  were  given  in  Figs.  1  and  2.  The 
absence  of  definitive  evidence  of  a  pressure 
spike  due  to  energy  release  by  hot  spots  at  the 
front  is  noted.  It  is  not  known  if  a  narrow 
pressure  spike  could  be  detected  in  these 
experiments . 
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AUXILIARY  EXPERIMENTS 

Numerous  experiments  were  performed  to 
provide  auxiliary  data  and  to  ascertain  that 
the  experiments  were  under  control.  These 
included  measurement  of  the  run  to  high-order 
detonation  and  of  the  initial  pressure  induced 
in  the  test  explosive  by  a  given  booster  system. 
The  position  of  the  shock  front  was  measured  as 
a  function  of  time  and  these  data  were  fitted 
with  a  second  degree  polynomial  from  which  the 
instantaneous  velocity  can  be  calculated. 

These  experiments  were  wedge-type  experiments. 
They  were  repeated  at  least  three  times  to 
establish  reproducibility  and  error  estimates. 
The  uniformity  of  initiation  (ca.  0.05  ysec  or 
less  maximum  spread  over  the  central  76  rnn)  was 
established  by  measuring  the  arrival  trace  with 
multiple  slits  when  the  front  was  about  2  rrm 
beyond  the  plane  of  transition  to  high-order 
detonation. 
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Fig.  5  -  Free-surface  velocity  as  a  function  of 
time  for  experiments  with  a  water/explosive 
interface.  The  initial  pressure  induced  into 
the  PBX-9404  was  about  25  kb.  The  numbers  2.5 
and  6.3  refer  to  the  thickness  in  millimeters 
of  the  PBX  driving  the  Plexiglas  plates.  The 
letter  G  indicates  the  explosive  assembly  was 
glued  as  described  in  the  text. 


Fig.  6  -  Free-surface  velocity  as  a  function  of 
time  for  5-  and  2-mm  thick  Plexiglas  plates  when 
driven  by  PBX-9404  initially  shocked  to  23  kb. 
The  numbers  2.5,  5-1,  6.3,  9-5  and  10.4  refer 
to  the  thickness  in  millimeters  of  the  PBX 
driving  the  Plexiglas  plates.  Velocities  for 
the  shot  with  2-rrm  thick  Plexiglas  and  9.5-nm 
thick  PBX  appear  to  be  inconsistently  high 
except  at  t  =  0. 
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It  was  demonstrated  that  for  the  times  of 
interest  the  experiments  were  indeed  free  of 
edge  effects  and  free  of  successive  shocks 
originating  within  the  boosters.  Effects  due 
to  the  type  of  material  used  as  the  terminal 
plate  in  the  booster  were  found  to  be  trivial. 

Extra  gaps  or  voids  are  likely  to  be  pres¬ 
ent  at  an  interface  and  might  affect  the  be¬ 
havior  of  an  explosive  sample.  An  investigation 
was  rade  of  possible  effects  due  to  the  quality 
of  the  interfaces  between  the  explosive  samples 
and  the  other  components.  Ihe  effects  appear 
to  be  minimized  by  requiring  that  the  surfaces 
involved  be  reasonably  plane  (0.0002  cnv^cm  diam) , 
well  finished  (30  yin.  or  better),  and  in  good 
contact.  All  data  presented  here  are  from  ex¬ 
periments  in  which  effects  due  to  interfaces 
were  apparently  minimized.  They  include  experi¬ 
ments  in  which  the  rear  interface  was  (a)  left 
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Fig.  7  -  Free-surface  velocity  of  Plexiglas 
when  driven  by  PBX-9^0^  shocked  to  about  8.5  kb 
and  when  additional  Plexiglas  was  substituted 
for  the  PBX.  The  numbers  0,  12.7,  and  25.  *1 
indicate  the  thickness  in  millimeters  of  the 
PBX.  These  data  are  subject  to  edge  effects 
after  3  and  0.7  ysec,  respectively,  for  the 
12.7-  and  25 .4-nrn  thick  slabs  of  PBX. 


dry,  (b)  filled  with  excess  adhesive,  or  (c) 
wet  with  bubble-free  water.* 

CALCULATIONS 

No  one-dimensional  model  which  quantita¬ 
tively  reproduces  all  of  the  experimental  data 
has  been  found;  however,  it  is  informative  to 
compare  some  of  the  data  with  calculations 
which  assume  that  the  PBX  detonated  high  order 
without  any  low-order  run.  The  solid  curve  in 
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Fig.  8  -  Free-surface  velocity  of  shocked-but- 
not-detonated  PBX-9^04  as  a  function  of  time. 
Data  are  given  for  two  sets  of  initial  con¬ 
ditions:  initial  pressures  of  29.5  and  23  kb. 
The  numbers  2.5  and  6.3  refer  to  the  thickness 
in  millimeters  of  the  PBX  used  to  obtain  the 
curves.  The  letters  V  and  A  indicate  respec¬ 
tively  that  the  free  surface  moved  into  a 
vacuum  (nominally  0.012  Torr)  and  into  air  at 
atmospheric  pressure. 


#The  dry  and  the  excess-adhesive  methods  of 
assembly  were  not  adequate  to  eliminate  effects 
when  additional  interfaces  were  introduced 
within  the  explosive  sample. 
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Fig.  9  represents  the  initial  free-surface  veloc¬ 
ity  calculated  for  a  5-nm  thick  Plexiglas  plate 
when  driven  by  various  thicknesses  of  PBX-9^0 4. 

In  the  calculation  shown  the  PBX  was  made  to 
detonate  without  any  delay  and  the  rear  bound¬ 
ary  was  supported  with  the  booster  system  which 
is  used  to  obtain  a  3 .2-nm  run  to  higb-order 
detonation.  The  arrows  extending  down  from 
the  solid  curve  represent  the  calculated  decel¬ 
eration  of  the  free  surface  during  a  time  approx¬ 
imately  equal  to  the  time  for  measurement  of 
the  data  obtained  with  the  pin  technique.  It 
was  assumed  that  the  Plexiglas  did  not  spall 
during  this  time.  The  solid  circle  represents 
the  initial  velocity  as  measured  with  the  opti¬ 
cal  technique  (see  Fig.  3  for  details  of  the 
motion).  Under  these  experimental  conditions 
shocked-but-not-detonated  PBX  drives  a  plate 
essentially  as  if  the  PBX  had  all  detonated 
high  order. 

Curves  very  similar  to  that  shown  were 
obtained  for  other  calculations  in  which  the 
only  change  was  the  rear  boundary  support,  i.e., 


Fig.  9  -  Free-surface  velocity  of  a  5-rrm  thick 
Plexiglas  plate  as  a  function  of  the  thickness 
of  shocked-but-not-detonated  PBX  for  several 
booster  systems.  Average  velocities  for  the 
measuring  time  interval  are  given  for  those 
data  obtained  with  pins;  initial  velocities 
are  given  for  data  obtained  with  the  optical 
technique.  The  numerals  0,  3.2,  6.3,  10,  and 
15  indicate  the  run  in  millimeters  to  higb- 
order  detonation.  The  words  pin  and  optical 
indicate  the  technique  used  to  obtain  the  data. 


the  booster  system.  All  calculated  curves  start 
at  the  appropriate  free-surface  velocity  and 
approach  the  solid  curve  shown  while  the  PBX 
is  still  relatively  thin.  The  deviation  of  the 
experimental  data  from  the  corresponding  calcu¬ 
lation,  which  assumes  detonation,  increases  as 
the  experimental  run  to  high-order  detonation 
is  increased. 

The  progress  of  an  initiating  shock  in  PBX 
can  be  closely  approximated  with  a  one¬ 
dimensional  code  originated  by  Mader  of  this 
laboratory.  The  model  for  this  code  assumes 
that  partial  reaction  occurs  near  and  only  near 
the  shock  front .  This  model  predicts  a  curve 
which  in  the  plane  of  Fig.  9  starts  at  the 
appropriate  free-surface  velocity,  rises 
slightly  until  it  is  near  the  thickness  corre¬ 
sponding  to  that  of  the  experimental  high-order 
detonation,  curves  sharply  upward,  and  then 
rises  with  a  slope  similar  to  that  of  the  solid 
curve  in  Fig.  9,  which  assumes  Immediate  det¬ 
onation.  Experimental  data  fall  above  the 
curves  calculated  with  this  model.  Failure  of 
this  model  is  even  more  apparent  when  one  com¬ 
pares  the  velocity  of  the  Plexiglas  at  a  time 
later  than  that  represented  in  Fig.  9.  It  is 
apparent  that  much  more  decomposition  occurs 
than  is  predicted  by  this  model. 

DISCUSSION 

Data  have  been  given  which  show  how  shock 
waves  with  various  initial  pressures  change  as 
they  advance  through  PBX-9404.  These  data  have 
been  compared  with  calculations  which  assume 
irrmediate  higb-order  detonation  and  also  with 
calculations  which  assume  that  partial  reaction 
occurs  near  and  only  near  the  shock  front.  The 
data  indicate  that  deconposition  in  shocked- 
but-not-detonated  PBX-9404  is  rather  complicated. 
In  addition  to  the  partial  reaction  near  the 
shock  front  there  is  significant  decomposition 
occurring  well  behind  the  front. 

In  one  experiment,  when  the  run  to  high- 
order  detonation  was  3.2  mm,  the  early  energy 
released  was  sufficient  to  drive  a  plate  essen¬ 
tially  as  fast  as  the  plate  would  have  been 
driven  if  all  of  the  PBX  had  detonated.  In 
another  experiment,  when  the  run  to  high-order 
detonation  was  6.3  mm,  the  early  energy  released 
was  only  slightly  below  that  expected  if  all  of 
the  PBX  had  detonated.  Apparently  about  5  rrm 
of  PBX  adjacent  to  the  high-order  level  reacted 
completely  on  a  time  scale  which  was  relatively 
short.  Part  of  the  energy  from  this  layer  was 
released  early  enough  to  influence  the  initial 
shock  front. 

In  other  experiments  the  most  significant” 
energy  release  occurred  well  after  the  initial 
shock  had  passed.  This  late  release  of  energy 
did  not  form  a  sharp-fronted  super  detonation 
of  the  type  observed  in  the  initiation  of 
homogeneous  explosives,  but  resulted  in  a  rela¬ 
tively  slow-rising  pressure  pulse.  The  ampli¬ 
tude  of  this  pulse  changed  with  time,  and  it 
depended  on  the  initial  pressure  and  the 
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distance  which  the  shock  had  run  in  PBX-9404. 

In  still  other  experiments,  wnen  the  initial 
pressure  was  about  8.5  kb,  no  significant  energy 
release  was  observed.  The  implication  is  that 
this  pressure  is  below  a  threshold  required  to 
initiate  detonation  or  even  significant  decom¬ 
position  by  the  mechanisms  involved  in  this 
study . 

The  evidence  suggests  that  the  explosive 
releases  energy  as  a  function  of  time  at  local 
sites  distributed  throughout  the  bulk  of  the 
shocked  PBX.  Two  hypothetical  mechanisms  are 
burning  at  hot  spots  and  reaction  at  secondary 
hot  spots  [15] .  Secondary  hot  spots  are  those 
caused  by  the  interaction  of  pressure  pulses 
from  the  initial  hot  spots.  A  quantitative 
model  which  accounts  for  the  late  energy  re¬ 
lease  has  not  been  found. 
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THE  THERMAL  INITIATION  AND  GROWTH  OF  REACTION  IN 
SECONDARY  EXPLOSIVES  UNDER  TRANSIENT  CONFINEMENT 


K.  Beedham,  A.  S.  Dyer  and  W.  I.  Holmes 
Atomic  Weapons  Research  Establishment 
Aldermaston,  Berks,  England 


Explosive  events  have  been  obtained  by  dropping  *  oz  charges  of 
secondary  explosives  in  a  weighted  holder  onto  a  heated  metal 
plate.  The  impact  pressure  pulse  was  arranged  to  correspond  to 
that  experienced  in  the  AWRE  oblique  impact  test  where  a  45  lb 
hemispherical  charge  is  dropped  from  a  few  feet  onto  a  hard  tar¬ 
get.  Heating  occurred  during  the  time  of  impact,  while  the 
explosive  surface  was  under  transient  confinement.  A  number  of 
explosive  compositions  were  tested  over  a  range  of  temperatures 
and  for  each  an  estimate  was  made  of  the  temperature  at  which 
the  incidence  of  explosive  events  was  50$.  Explosions  were  also 
obtained  when  charges  were  impacted  onto  a  hot  wire.  The  results 
have  been  compared  with  the  calculated  response  of  a  simple 
thermal  model  of  the  system  in  which  the  rate  of  thermal  decom¬ 
position  of  the  explosive  followed  an  Arrhenius  function.  It 
has  also  been  shown  that  extent  of  explosive  reaction  in  the 
charge  is  affected  by  the  impact  pressure  and  the  presence  of 
cracks  in  the  charge.  Conditions  which  lead  to  loss  of  confine¬ 
ment  near  the  initial  reaction  site  result  in  less  violent 
explosive  events. _ 


INTRODUCTION 

Previous  work  has  shown  that  secon¬ 
dary  explosives  can  be  initiated  under 
accidental  impact  conditions  when  special 
features  are  present  which  lead  to  con¬ 
version  of  a  significant  amount  of  the 
available  mechanical  energy  into  heat  at 
the  surface  of  the  explosive  charge.  This 
role  is  played  by  the  abrasive  surface  in 
the  AWRE  Oblique  Impact  Test  (1)  and  by 
the  air  gap  between  the  metal  spigot  and 
the  explosive  charge  in  the  AWRE  Spigot 
Test  (a  modified  version  of  the  LASL 
Spigot  Test  (2)).  In  the  Oblique  Impact 
Test,  where  a  45  lb  charge  is  dropped  from 
a  few  feet  onto  a  hard  target, impact 
pressures  of  15,000  to  30,000  lbf  in  2 
can  occur,  depending  on  the  drop  height 
and  strength  of  the  explosive,  with  impact 
times  of  1-2  ms.  The  mechanical  energy  at 
impact,  however,  is  insufficient  to  raise 
the  temperature  of  the  bulk  explosive,  due 
to  simple  compression,  by  more  than  a  few 
degrees  and  it  is  the  concentration  of 
thermal  energy  at  a  surface  which  is  res¬ 
ponsible  for  the  initiation  of  the  explo¬ 
sive  charge. 

The  aim  of  the  work  reported  here 
was  to  study  the  initiation  of  secondary 
explosives  by  conduction  from  hot  surfaces 


under  high  pressure  pulse  conditions 
appropriate  to  accidental  impact  situa¬ 
tions.  Thus  the  phase  of  the  impact  in 
which  mechanical  energy  would  be  converted 
into  heat  at  an  interface  would  be  simu¬ 
lated  in  a  controlled  way. 

EXPERIMENTAL  METHOD  AND  EQUIPMENT 

Hot  Plate  Test 

The  test  conditions  were  achieved  by 
dropping  the  suitably  mounted  explosive 
sample  onto  a  relatively  massive  electri¬ 
cally  preheated  metal  plate.  The  equip¬ 
ment  was  designed  to  give  peak  impact 
pressures  up  to  80,000  lbf  in”2  with 
durations  of  1  to  2  ms. 

The  explosive  sample  mounted  in  a 
dense  laminated  wood  (Jabroc)  holder  was 
attached  to  the  bottom  of  a  50  lb  steel 
weight  which  was  allowed  to  fall  down  a 
guide  tube  so  that  the  sample  impacted 
squarely  onto  the  hot  plate. 

The  §  in  thick  hot  plate  was  made  of 
a  nickel  alloy  (Nimonic  105)  and  was 
attached  to  the  top  of  an  electrical 
heater  unit  encased  in  the  same  alloy. 
Nimonic  105  was  chosen  despite  the  diffi¬ 
culty  of  fabrication  because  it  has 
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considerable  strength  at  temperatures  up 
to  1,000°C. 

The  temperature  of  the  hot  plate  was 
monitored  by  a  thermocouple  near  the  top 
surface  and  the  current  flow  in  the  heater 
was  adjusted  manually  so  that  a  steady 
temperature  at  the  hot  plate  surface  was 
obtained  before  impact  of  the  explosive 
sample. 

The  heater  assembly  was  mounted  on 
top  of  a  load  cell  but  thermally  insula¬ 
ted  from  it  to  keep  the  load  cell  at  a 
safe  working  temperature.  The  output  from 
the  load  cell  was  displayed  as  a  function 
of  time  on  an  oscilloscope  which  was  trig¬ 
gered  by  the  falling  weight  passing  a 
photoelectric  device.  In  the  absence  of 
explosive  reaction  a  fairly  smooth 
pressure  pulse  was  obtained  although  there 
was  some  mechanical  resonance  of  the 
heater/load  cell  assembly.  When  an  explo¬ 
sive  event  occurred  a  pressure  spike 
appeared  on  the  load  cell  record  and  this 
indicated  the  time  to  explosion.  A  high 
speed  cine  film  of  the  impact  was  taken 
so  that  the  response  of  the  explosive 
could  be  studied  and  compared  with  the 
pressure  records. 

After  the  initial  impact  a  remote 
manually  operated  winch  was  used  to  raise 
the  explosive  sample  clear  of  the  hot 
plate  so  that  the  effect  of  the  primary 
impact  on  the  sample  could  be  studied  and 
unnecessary  damage  to  the  equipment,  by 
subsequent  explosive  reaction,  could  be 
avoided. 

After  the  drop  height  of  the  weight 
had  been  adjusted  to  obtain  the  required 
pressure  pulse,  tests  were  carried  out  on 
each  explosive  composition  over  a  range 
of  temperatures  using  a  10°C  increment. 

The  test  sequence  was  arranged  so  that  an 
estimate  could  be  made  of  the  temperature 
at  which  there  was  50$  probability  of 
explosive  events,  T 59$* 

Hot  Wire  Test 

The  test  procedure  was  modified  so 
that  the  effect  of  the  geometry  of  the 
hot  surface  could  be  studied.  A  0.006  in 
constantan  wire  was  sandwiched  between 
two  explosive  samples  mounted  as  before 
in  Jabroc  holders.  The  impact  pulse  was 
generated  by  dropping  the  50  lb  steel 
weight  down  the  guide  tube  onto  the  explo¬ 
sive  assembly  mounted  on  top  of  the  load 
cell.  At  the  peak  of  the  pressure  pulse 
a  16  )x?  capacitor  bank,  at  a  selected 
voltage  between  400  V  and  600  V,  was  dis¬ 
charged  through  the  wire.  The  trigger 
signal  for  the  discharge  was  provided  by 
a  piezo-crystal  underneath  the  explosive 
assembly.  The  discharge  current  was 
determined  by  monitoring  the  voltage  drop 


across  a  low  resistance  in  series  with 
the  constantan  bridgewire,  and  this  enab¬ 
led  the  energy  deposited  per  unit  length 
of  the  bridgewire  Ec  to  be  calculated 
from : - 

Ec  =  Rc  /j2  dt 

where  R  is  the  resistance  per  unit  lenglh 
of  bridgewire  which  is  effectively  con¬ 
stant  over  the  range  of  temperatures  of 
interest.  The  discharge  was  completed 
in  approximately  80  )i3.  The  temperature 
rise  Tc  in  the  wire  then  follows  from:- 

Ec 

Tc  =  C  x  M 

where  C  =  average  specific  heat 

M  =  mass  per  unit  length  of  wire. 

After  the  drop  height  of  the  weight 
had  been  adjusted  to  obtain  the  required 
pressure  pulse,  tests  were  carried  out 
over  a  range  of  wire  temperatures  by 
adjusting  the  voltage  on  the  capacitor 
bank. 

PREPARATION  OP  THE  EXPLOSIVE  SAMPLES 

Information  about  the  explosives 
tested  is  given  in  Table  1. 


TABLE  1 

Test  Explosives 


Explosive 

Composition 
(parts  by  weight) 

Manu¬ 

facture 

PETN 

Pressed 

RDX 

Pressed 

HMX 

Pressed 

DATB 

Pressed 

TNT 

Cast 

Octol-A 

HMX/T NT/Wax  80/20/1 

Pressed 

Octol-B 

HMX/TNT/Wax  70/30 A 

Pressed 

HW4 

HMX/.Vax  95/5 

Pressed 

PBX  9404 

HMX/NC/TCEP  94/3/3 

Pressed 

HV4 

HMX/Viton  85A5 

Pressed 

Comp  B3 

RDXANT  60/40 

Cast 

Comp  B3 
(waxed) 

RDX/TNT/Wax  6Q/40A 

Cast 

The  samples  of  the  explosive  compo¬ 
sitions  and  TNT  were  prepared  by  machin¬ 
ing  discs  1.125  in  diameter  by  0.33  in 
thick  from  charges  manufactured  by  press¬ 
ing  or  casting  as  appropriate  for  each 
composition.  The  explosive  discs  were 
bonded  into  a  recess  in  a  Jabroc  holder 
and  the  exposed  surface  of  the  explosive 
was  machined  to  a  constant  height  of 
0.062  in  above  the  face  and  parallel  to 
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the  back  of  the  holder  (Figure  1). 


Fig.  1  -  Explosive  Disc  Mounted  in 
Jabroc  Holder 

Thus  on  impact,  a  good  machined  surface 
was  presented  squarely  to  the  hot  plate 
surface  with  similar  confinement  on  all 
compositions.  The  finished  sample  was 


0.3  in  thick  and  weighed  approximately 
0.3  oz. 

The  pure  explosive  samples  of  PETN, 
HMX,  RDX,  and  DATB  were  prepared  by  hot 
pressing  and  were  between  98$  and  99$ 
crystal  density.  These  pressed  com¬ 
pacts  were  made  1  in  diameter  x  0.3  in 
thick  and  mounted  in  the  Jabroc  holders 
without  machining. 

RESULTS  OF  HOT  PLATE  TESTS 

Effect  of  Hot  Plate  Temperature  on  the 
Incidence  of  Explosive  Events 

All  the  explosives  tested,  except 
TNT,  were  subjected  to  similar  pressure 
pulses,  the  peak  pressures  lying  in  the 
range  13,000  to  18,000  lbf  in“2  and  the 
pulse  durations  varying  between  1.6  and 
2.0  ms.  To  keep  within  this  range  the 
drop  height  was  adjusted  for  each  explo¬ 
sive. 


TABLE  NO.  2 

Effect  of  Temperature  on  Explosive  Reaction 


Drop7^ 

Height 

(in) 

Hot  Plate  Temperature  °C 

Explosive 

Composition 

340 

-350 

360 

-370 

380 

-390 

400 

-410 

420 

-430 

440 

450 

460 

470 

480 

Octol-A 

6 

NNN 

NNp 

PP 

Octol-B 

6 

N 

PN 

N 

NNN 

NNP 

PPP 

pPP 

N 

N 

N 

NPP 

P 

IP 

IP 

HW-4 

6 

NNN 

Npp 

P 

P 

PBX  9404 

6 

N 

N 

NN 

PE 

HV-4 

6 

N 

NNN 

PPP 

P 

Comp  B3 

10 

NNN 

PPP 

P 

Comp  B3 
+  1$  Beeswax 

10 

NNN 

NPp 

NP 

P 

P 

HMX 

6 

N*NN 

N* 

P* 

RDX 

6 

E* 

P* 

E 

PETN 

9 

N*B* 

H 

NE 

NE 

NP 

“  E 

P 

*Hot  plate  was  made  of  EN58B  instead  of  Nimonic  105 
/Yielding  a  nominal  peak  pressure  of  13,000  to  18,000  lbf  in' 
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Tables  2  and  3  show  the  effect  of  hot 
plate  temperature  on  the  incidence  of 
events  for  a  variety  of  explosive  com¬ 
positions  and  Table  4  gives  a  detailed 
description  of  the  damage  criteria  to 
the  explosive  sample  and  to  the  holder 
which  was  used  to  classify  the  nature 
of  the  events  observed. 

TABLE  NO.  3 

Effect  of  Temperature  on  Explosive 
Reaction  of  TNT  and  DATB 


Nominal  Peak  Pressure  lbf  in"2 

Temp 

°C 

18  in  drop 
19,400-28,500 

12  in  drop 
16,700-21,800 

TNT 

DATB 

600 

N 

N*  p/ 

610 

P/  P/ 

620 

P/“ 

630 

P/ 

640 

N 

P/ 

650 

NNN  p 

P/* 

660 

670 

N  p 

P/* 

*Hot  plate  made  of  EN58B  instead  of 
Nimonic  105 

p/Very  small  events,  very  difficult  to 
detect. 

All  the  HMX  and  RDX  compositions 
gave  explosive  reactions  in  the  tempera¬ 
ture  range  400°C  to  470°C,  whereas  PETN 
gave  explosions  at  temperatures  above 
350°C. 

Nature  of  the  Explosive  Events 

A  considerable  variation  from 
explosive  to  explosive  was  observed  in 
the  violence  of  the  events  obtained  as 
shown  by  damage  to  the  explosive  and  its 
mounting.  Thus  HW4  and  HV4  gave  events 
which  were  typically  classified  as  small 
partials  (p).  A  sample  which  failed  to 
give  an  explosive  reaction  was  dyed  and 
showed  some  surface  cracking  caused  by 
impact  on  the  hot  plate. 

Octol-B  and  the  waxed  version  of 
Composition  B3  tended  to  give  a  mixture 
of  small  and  large  partials.  Explosives 
which  gave  events  which  were  typically 
classified  as  large  partials  (P; 
included  Octol-A  and  Composition  B3 
(unwaxed).  The  events  with  PBX  9404 
tended  to  be  more  violent  and  were 


TABLE  NO.  4 

Classification  of  Size  of  Explosion 


Symbol 

Group 

Description 

N 

Fail 

No  event  on  the 
first  impact. 

P 

Small 

partial 

10$  or  less  of  HE 
consumed.  Slight 
flaking  of  Jabroc 
holder.  Small  cloud 
or  puff  of  flame 
seen  on  cine  film. 

P 

Large 

partial 

Up  to  90 $>  of  HE 
consumed.  Large 
pieces  of  Jabroc 
removed  flush  with 
base  of  HE  sample. 

E 

Explosion 

All  HE  consumed. 
Holder  split.  Jabroc 
broken  into  small 
pieces  to  base  of 

HE  sample.  Damage 
to  hotplate  heat 
shield  and  tufnol 
base. 

H 

High 

Order 

Explosion 

All  HE  consumed. 
Hotplate  dented  and 
fixing  screws  broken 
All  Jabroc  broken 
into  powder.  Severe 
damage  to  tufnol 
base  plate. 

classified  as  explosions  (E),  and  in  one 
test  a  high  order  explosion  (H)  was 
observed.  PETN  and  RDX  also  gave  very 
violent  explosions. 

Behaviour  of  TNT  and  DATB  in  the  hot 
plate  test 

TNT  and  DATB  were  included  in  the 
test  programme  because  they  have  markedly 
different  kinetic  parameters  from  the 
other  explosives  tested.  In  fact  it  was 
necessary  to  raise  the  hot  plate  tempera¬ 
ture  above  600°C  for  explosive  reactions 
to  be  observed  (see  Table  3).  It  was 
difficult  to  obtain  a  satisfactory 
pressure  pulse  similar  to  that  used  on 
the  other  HE.  For  TNT  a  wide  range  of 
irop  heights  up  to  18  in.  were  tried 
giving  pulses  with  peaks  varying  from 
6,000  to  33,000  lbf  in"2  and  durations 
of  2.0  to  2.8  msec.  The  explanation  of 
the  large  positive  fluctuations  of 
pressure  which  were  observed  on  the 
leading  edge  of  the  main  pressure  pulse 
was  that  on  contacting  the  hot  plate  the 
TNT  melted  leaving  a  thin  film  of  liquid 
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which  was  ejected  out  round  the  edges  of 
the  sample  uncovering  fresh  unmelted  TNT. 
This  process  was  repeated  until  the  peak 
pressure  of  the  main  impact  had  occurred. 
The  examination  of  the  cine  film  agreed 
with  this  mechanism  and  showed  a  jet  of 
material  radiating  out  from  the  contact 
region.  The  recovered  samples,  also 
showed  a  crystallised  layer  of  TNT  on 
their  surfaces. 

DATB  with  12  in.  drops,  in  contrast 
to  TNT,  showed  no  clear  signs  of  melting, 
but  similar  pulse  effects  giving  rise  to 
pressure  peaks^in  the  range  16,000  to 
21,000  lbf  in~^  and  durations  of  2.1  and 
2.3  msecs  were  observed.  The  only  evi¬ 
dence  for  ignition  with  DATB  came  from 
an  examination  of  the  cine  film  when 
puffs  of  gas  were  seen  although  there 
was  no  sign  of  a  pressure  spike  on  the 
load  cell  record. 

Two  explosive  events  were  obtained 
with  TNT  each  being  clearly  identified 
by  the  damage  caused  and  the  presence 
of  pressure  spikes  on  the  load  cell 
records. 

Effect  of  Impact  Pressure  on  the 
Behaviour  of  Octol-B  on  the  Hot  Plate 

In  order  to  assess  what  effect 
varying  the  pressure  pulse  had  on  T 50$ 
a  series  of  tests  were  made  on  Octol-B. 
The  impact  pressure  was  varied  by  alter¬ 
ing  the  drop  height  of  the  sample.  Five 
drop  heights  were  used  with  hot  plate 
temperatures  between  450°C  and  490°C 
and  the  results  are  given  in  Table  5. 

The  peak  impact  pressures  ranged  from 
6,000  to  26,000  lbf  in-2  and  the  dura¬ 
tions  of  the  pulses  from  2  ms  to  1.6  ms 
respectively. 


Effect  of  Cracks  on  the  Behaviour  of 
Octol-B  on  the  Hot  Plate 

The  results  of  drop  tests  on  a  hot 
plate  at  480°C  using  cracked  discs  of 
Octol-B  are  compared  with  those  on 
uncracked  samples  in  Table  6.  The  tests 
were  made  at  three  drop  heights.  The  arti¬ 
ficial  crack  was  introduced  into  the 
sample  in  the  following  way:  the  disc  was 
cut  into  two  segments  along  a  diameter 
and  the  two  halves  were  then  bonded  into 
the  recess  in  the  Jabroc  holder  to  form 
a  plane  crack  normal  to  the  face  of  the 
disc.  The  surfaces  of  the  crack  were  in 
contact  to  form  a  crack  of  nominally  zero 
width. 

The  large  partial  explosions  were 
similar  in  both  cracked  and  uncracked 
samples.  In  the  small  partial  explosions 
there  was  evidence  of  propagation  of 
reaction  down  the  crack. 

Effect  of  Secondary  Imparts  on  the  Hot 
Plate 

Ideally  the  hot  plate  test  should 
permit  only  one  impact  by  the  explosive 
sample  at  a  known  pressure  and  duration 
of  contact;  this,  however,  is  mechani¬ 
cally  difficult  to  arrange  and  a  series 
of  subsequent  impacts  usually  followed 
when  no  initiation  occurred  on  the  first 
impact.  Examination  of  the  cine  record 
showed  that  explosive  reactions  or  fires 
were  obtained  from  some  compositions  on 
subsequent  impacts  at  the  T50  tempera¬ 
ture  and  at  temperatures  above  and  below 
T^q*  For  example,  with  Octol-B  explosive 
reactions  were  observed  in  second  or 
third  impacts  at  hot  plate  temperatures 
down  to  30°C  below  T50  and  fires  down  to 
80°C  below  T50  With  PETN  fails  and 


TABLE  NO.  5 

Effect  of  Pressure  on  the  Explosive  Reaction  of  Octol-B 


Drop 

Height 

Nominal 

Peak  Pressure 
lbf  in“2 

Hot  Plate  Temperatur 

450OC 

460°C 

470OC 

480°C 

490°C 

1  in. 

6,000 

N 

NNp 

PPPP 

PPP 

2  in. 

9,000 

NNp 

4  in. 

14,000 

NNN 

6  in. 

16,000 

NNNNPP 

NNPP 

pPPPP 

PPPPPP 

9  in. 

20,000 

NPP 

18  in. 

26,000 

NNP 

PP 

228 


Beedham,  et  al 


TABLE  NO.  6 

Effect  of  Cracks  on  the  Behaviour  of 
Octol-B  on  the  Hot  Plate  Test  at  480  °C 


Drop  Height 
(in) 

Uncracked 

Disc 

Cracked 

Disc 

1 

PPPP 

N 

6 

pppPPP 

PP 

18 

PP 

Pp 

events  were  obtained  over  a  40°C  tempera¬ 
ture  range  on  the  first  impact  but  only 
fires  were  observed  on  subsequent  impacts 
of  the  failed  samples.  HV-4  and  DATB  were 
the  only  compositions  to  show  neither 
explosive  events  nor  fires  on  subsequent 
impacts. 

The  occurrence  of  explosive  reaction 
on  secondary  impacts  is  probably  due  to 
some  preheating  of  the  surface  of  the 
explosive  sample  by  the  primary  impact 
and  also  to  the  hi^ier  temperatures  reached 
by  any  explosive  dust  remaining  on  the 
hot  plate  surface  while  the  sample  is 
rebounding. 

Effect  of  Dead  Weight  Loading  on  the 
Behaviour  of  Explosives  in  the  Hot  Plate 
Test 

Tests  have  been  carried  out  with  HMX 
and  Octol-B  to  observe  the  behaviour  under 
dead  weight  loading.  The  explosive  sample 
mounted  on  the  50  lb  weight  in  the  usual 
way  was  lowered  onto  the  hot  plate  pre¬ 
heated  to  500°C  and  the  sequence  of 
events  recorded  on  a  cine  camera  framing 
at  32  fps.  Smoke  was  emitted  from  both 
HMX  and  Octol-B  within  one  frame  of  con¬ 
tact  with  the  hot  plate  and  became  most 
copious  in  the  case  of  Octol-B.  Ignition 
occurred  with  HMX  after  5  frames  (150  ms) 
and  with  Octol-B  after  13  frames  (400  ms). 
In  both  cases  the  explosive  samples 
burned  fairly  smoothly  until  the  explo¬ 
sive  was  consumed. 

RESULTS  OF  HOT  WIRE  TESTS 

Effect  of  Hot  Wire  Temperature  on  the 
Incidence  of  Explosive  Events  for  Octol-B 

The  results  of  a  series  of  tests  on 
Octol-B  are  summarised  in  Table  7.  To 
achieve  pressure  pulses  with  a  peak 
value  in  the  range  13,000  to  18,000  lbf 
in~2  the  50  lb  weight  was  dropped  from 
12  in.  The  duration  of  the  pulse  was 
between  1.5  and  2.0  ms.  The  variations 
in  wire  temperature,  calculated  as  des¬ 
cribed  in  Section  2.2,  were  obtained  by 
varying  the  voltage  on  the  16  jiF  capaci¬ 


tor  bank  between  450  and  500  V.  The  nature 
of  the  explosive  events  was  classified  by 
noting  the  extent  of  damage  and  amount  cf 
explosive  consumed  in  each  sample  in 
accordance  with  Table  4.  From  the  load 
cell  records  the  time  to  ignition  from 
the  capacitor  discharge  to  the  explosion 
pressure  spike  was  less  than  0.2  ms. 

TABLE  NO.  7 

Effect  of  Hot  Wire  Temperature  on  the 
Behaviour  of  Octol-B 

(Peak  Impact  Pressure  13,000-18,000 
lbf  in-2) 


Hot  Wire  Temp 
(Deg.  C) 

Explosive  Reaction 

532 

PP 

515 

P 

505 

P 

495 

P 

483 

N 

473 

N 

465 

N 

455 

N 

Nature  of  the  Explosive  Events  for  Octol- 
A,  Octol-B  and  HW-4 . 

Table  8  compares  the  violence  of  the 
characteristic  events  for  three  explosive 
compositions  Octol-A,  Octol-B  and  HW-4 
when  impacted  on  a  hot  wire  with  tempera¬ 
tures  in  the  range  450  to  550°C.  The  50 
lb  weight  was  dropped  from  12  in.  in  each 
case. 

TABLE  NO.  8 

Behaviour  of  Octol-A,  Octol-B  and  HW-4 
in  the  Hot  Wire  Test 

(Peak  Impact  Pressure  13,000-18,000 
lbf  in-2) 


Explosive 

Octol-A 

Octol-B 

HW-4 

Hot  Wire 
Temp  °C 

530-540 

495-532 

445-530 

Typical 

Explosive 

E 

P 

P 

Reaction 

Pressure 

Peak  of 

55,000 

46,000 

24,000 
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In  addition  to  the  classification 
of  event  size  by  inspection  of  the 
damage  and  amount  of  explosive  remaining, 
the  peak  of  the  explosion  pressure  spike 
on  the  load  cell  record  may  be  used  to 
assess  the  violence  of  the  explosion, 
and  the  average  value  has  been  included 
in  Table  8. 

The  damage  to  the  top  and  bottom 
samples  of  the  sandwich  was  found  to  be 
very  similar  in  all  tests.  The  extent 
of  the  damage  was  in  general  greater  than 
that  observed  when  the  three  compositions 
were  impacted  on  the  hot  plate.  The 
damage  to  the  Jabroc  holders  places  HW-4 
in  the  same  category  as  Octol-B  (ie  large 
partial  explosion).  However,  for  HW-4 
considerably  more  explosive  was  left  in 
the  holder  and  the  explosion  pressure 
spike  was  much  less  than  Octol-B. 

Effect  of  Pressure  and  Cracks  on  the 
Behaviour  of  Octol-B 

Table  9  summarises  the  results  of 
tests  on  cracked  and  uncracked  samples  of 
Octol-B.  The  cracked  samples  were  pre¬ 
pared  in  the  same  way  as  for  the  hot 
plate  tests.  The  explosive  assembly  was 
arranged  so  that  the  cracks  in  the  top 
and  bottom  samples  were  in  line.  The 
constantan  wire  was  laid  across  a  dia¬ 
meter  at  right  angles  to  the  cracks. 

Tests  were  made  under  two  impact 
conditions,  with  the  weight  dropped  from 
12  in.  and  3  in.,  using  a  hot  wire  tem¬ 
perature  of  525°C  (+  15°C) .  The  pressure 
records  showed  that  for  the  12  in  drops 
the  impact  pressure  for  the  cracked 
charge  assembly  was  significantly  smaller 
than  for  an  assembly  with  uncracked 
charges.  The  same  effect  was  noticeable 
but  to  a  lesser  extent  with  the  3  in. 


drops.  In  addition  to  the  visual  assess¬ 
ment  a  quantitative  measure  of  the  vio¬ 
lence  of  the  reaction  was  obtained  from 
the  explosion  pressure  spike  and  these 
results  are  included  in  Table  9. 

The  violence  of  the  reaction  was 
found  to  be  considerably  smaller  when 
the  samples  had  cracks  in  them.  Some 
propagation  of  reaction  had  occurred  along 
the  crack  and  had  been  enhanced  at  the 
point  where  the  crack  met  the  Jabroc 
mount.  Reaction  had  also  occurred  at  the 
edges  of  the  disc  where  the  hot  wire  had 
emerged  from  the  sandwich. 

Attempts  to  carry  out  tests  with 
more  severe  impacts  giving  peak  pressures 
of  25,000  lbf  in^  have  so  far  been  unsuc¬ 
cessful  due  to  failure  of  the  bridgewire. 
Tests  have  however  been  made  with 
uncracked  samples  under  a  50  lb  dead  load. 
Even  with  a  600  V  discharge  giving  an 
estimated  wire  temperature  of  850°C  no 
explosion  or  ignition  occurred  with 
Octol-B,  and  the  only  sign  of  reaction 
was  a  brown  line  where  the  wire  had  been 
in  contact  with  the  explosive. 

A  THERMAL  MODEL  OF  THE  HOT  PLATE  TEST 

Some  computer  calculations  of  the 
temperature  rise  in  the  explosive  have 
been  made  on  a  thermal  model  of  the  hot 
plate  test  in  order  to  estimate  the  time 
to  explosion.  A  digital  code  which  solves 
the  temperature  distribution  in  a  ther¬ 
mal  model  for  a  sequence  of  finite  time 
steps  was  used  after  it  had  been  modified 
to  include  decomposition  of  a  reactive 
material.  Two  assumptions  were  made:- 

(1)  That  the  decomposition  of  the 
explosive  conformed  to  zero  order 
kinetics  (ie  the  rate  of  reaction 


TABLE  NO.  9 

Effect  of  Pressure  and  Cracks  on  the  Behaviour  of  Octol-B  in  the  Hot  Wire  Test 

(Wire  Temperature  510°C-540°C) 


Drop  Height 
(in) 

Sample  Disc 

Peak  Impact 
Pressure 
lbf  in-2 

Explosive 

Reaction 

Pressure  Peak 
of  Explosion 
lbf  in”* 

12 

Uncracked 

18,000 

PP 

46,000 

Cracked 

13,000 

PP 

13,000 

Uncracked 

7,000 

PP 

16,000 

3 

Cracked 

6,000 

PP 

8,000 
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TABLE  NO.  10 

Thermal  and  Kinetic  Parameters  used  in  Thermal  Model  Calculations 


Density 

P 

g/cc 

Specific 

Heat 

cal/g/°C 

Thermal 

Conductivity 

K 

cal/S. cm°C 

Heat  of 
Decomposition 

q  y 

cal  /g 

Act ivation 
Energy 

E 

Kcal/mole 

Frequency 
factor 
log  A 

Nimonic 

alloy 

7.99 

0.11 

3.8 

X 

10“2 

- 

- 

- 

Constantan 

8.4 

0.10 

6.4 

X 

io~2 

- 

- 

- 

RDX 

1.8 

0.35 

6 

X 

10’4 

1020 

45.81 

17.87 

HMX 

1.9 

0.35 

10 

X 

10~4 

1080 

52.70 

19.70 

TNT 

1.55 
( cast) 

0.35 

5 

X 

10"4 

860 

47.90 

15.33 

PETN 

1.75 

0.35 

6 

X 

10~4 

1100 

47.63 

20.06 

is  independent  of  loss  of  reactant)  with 
a  rg^g^defined  by  the  Arrhenius  function 

(2)  That  the  temperature  used  to  calcu¬ 
late  the  reaction  rate  from  the  Arrhenius 
function  was  constant  during  each  time 
step  of  the  calculation. 

The  code  did  not  include  thermal  effects 
due  to  phase  changes  nor  heat  generated 
by  impulsive  loading  of  the  explosive. 

The  thermal  model  of  the  hot  plate 
test  consisted  of  a  simple  mesh  compris¬ 
ing  two  series  of  elements  representing 
the  hot  plate  and  explosive  respectively, 
ie  one  dimensional  heat  flow  from  the 
hot  plate  to  the  explosive  with  no  sur¬ 
face  resistance.  The  mesh  was  surrounded 
by  insulating  boundaries  at  sufficient 
distance  from  the  hot  plate/explosive 
interface  for  the  model  to  appear  ther¬ 
mally  infinite  during  the  experimental 
time  of  contact  (not  more  than  2  ms). 

The  size  of  the  elements  in  the  mesh 
at  the  hot  plate/explosive  interface  were 
adjusted  in  proportion  to  the  square  root 
of  the  thermal  diffusivities  of  the  mater¬ 
ials.  The  computer  calculations  predicted 
an  immediate  drop  in  the  hot  plate  sur¬ 
face  temperature  on  contact  with  the  cold 
explosive  sample.  In  the  absence  of  exo¬ 
thermic  decomposition  the  calculation 
indicated  that  this  interface  temperature 
remained  essentially  constant  in  agree¬ 
ment  with  the  analytical  solutions.  It 
was  verified  that  the  computer  calcula¬ 
tions  were  independent  of  the  arbitrary 
choice  of  mesh  size  by  changing  the 
fineness  of  the  mesh  near  the  interface 


and  the  size  of  the  time  steps  in  repeat 
runs  of  the  computer  programme.  The 
estimated  time  to  explosion  when  the  self 
heating  term  was  included  was  also  not 
significantly  affected  by  these  changes. 
The  thermal  and  kinetic  parameters  (based 
on  decomposition  of  the  explosives  in 
the  liquid  phase  between  200°C  and  300  C) 
used  in  the  computation  of  the  thermal 
explosion  times  for  the  explosive  compo¬ 
sitions  tested  practically  are  listed  in 
Table  10.  For  the  pure  explosives  the 
values  used  in  the  computations  were 
taken  directly  from  Table  10.  For  the 
explosive  compositions  such  as  Octol-B 
and  Composition  B3  the  value  used  for  Q 
was  factored  in  proportion  to  the  per¬ 
centage  composition  by  weight  of  the  most 
reactive  constituents  HMX  and/or  RDX  and 
the  exothermic  contribution  from  the  TNT, 
which  would  start  to  decompose  at  a 
higher  temperature,  was  ignored. 


Fig.  2  -  Time  to  Explosion  for  Octol-B 
Computed  Curve  &  Experimental  Results  o 
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TABLE  NO.  11 

Comparison  between  experimental  and  calculated  conditions  for  ignition 


HE 

Experimental 

Calculated 

hotplate 

Time  to 
explosion 
te  ms 

Temp  °C  for  explosion  in  t0  ms 

Hot  plate 

HE  Surface 

Octol-A 

460 

1.27 

446 

400 

Octol-B 

460 

0.53 

464 

417 

HW-4 

460 

0.68 

452 

406 

Comp  B3 

450 

0.96 

424 

390 

Comp  B3  +  wax 

440 

0.87 

426 

392 

PETN 

340 

0.66 

357 

326 

TNT 

650 

0.7 

623 

576 

HMX 

470 

NA 

- 

- 

RDX 

<420 

0.58 

430 

397 

Figure  2  shows  a  plot  of  time  to 
explosion  for  Octol-B  relative  to  the  hot 
plate  contact  temperature.  The  contacj 
temperature  was  calculated  to  be  40-50°C 
lower  than  the  temperature  of  the  hot 
plate  surface  before  the  impact  by  the 
explosive  sample.  The  experimental  results 
at  the  appropriate  reduced  temperatures 
are  superimposed  on  the  curve  at  the 
measured  times  to  ignition  from  the  start 
of  the  pressure  pulse.  Other  compositions 
based  on  HMX  gave  almost  identical  com¬ 
puted  curves  and  the  computed  curve  for 
RDX/TNT  (Comp  B3)  was  also  very  close. 
Table  11  gives  a  comparison  between 
experimental  and  calculated  temperature¬ 
time  conditions  for  ignition.  The  experi¬ 
mental  50 io  explosion  temperatures  esti¬ 
mated  from  the  results  in  Tables  2  and  3 
closely  follow  those  computed  from  the 
times  to  explosion.  The  computed  tempera¬ 
ture/time  curve  for  TNT  predicted  initia¬ 
tion  temperatures  in  the  range  where 
explosions  were  obtained  practically  and 
within  similar  times. 

A  THERMAL  MODEL  OF  THE  HOT  WIRE  TEST 

The  thermal  model  of  the  hot  wire 
test  consisted  of  a  simple  mesh  compris¬ 
ing  two  series  of  radial  elements  repre¬ 
senting  the  wire  and  explosive  respec¬ 
tively,  ie  one  dimensional  radial  flow 
assuming  no  temperature  gradients  along 
the  wire.  The  explosive  mesh  was 
surrounded  by  an  insulating  boundary  at 
sufficient  distance  from  the  wire  for 
the  model  to  appear  thermally  infinite 
during  the  time  of  the  impact  pulse. 

The  boundary  conditions  were  arranged 


so  that  the  wire  was  heated  at  a  rate 
proportional  to  the  square  of  the  dis¬ 
charge  current  using  a  typical  profile 
from  the  current  monitor.  The  computer 
calculations  showed  that  the  centre  line 
temperature  of  the  wire  was  largely 
unaffected  by  conductive  flow  from  the 
wire  surface  during  the  time  of  thr 
current  discharge  X  80  jis). 

The  maximum  temperature  rise  in  the 
wire  as  a  function  of  time  to  explosion 
for  Octol-B  using  the  thermal  constants 
in  Table  10  is  shown  in  Figure  3 


Fig.  3  -  Time  to  Explosion  of  Octol-B 
as  a  Function  of  Maximum  Wire  Temp 
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For  ignition  times  below  80  the  Octol- 
B  ignites  before  the  discharge  is  com¬ 
plete  and  before  the  maximum  wire  tem¬ 
perature  is  attained.  The  calculated  cut¬ 
off  temperature  is  480-490°C  which  is  in 
good  agreement  with  the  experimental 
values  for  Octol-B  in  Table  7  which  also 
indicate  a  cut-off  temperature  between 
483°C  and  495°C.  At  the  cut-off  tempera¬ 
ture  the  energy  deposited  in  the  constan- 
tan  wire  was  1.25  Jin-1. 

DISCUSSION 

There  is  a  good  correlation  between 
the  temperatures  found  experimentally  at 
which  the  compositions  tested  show  a  50$ 
probability  of  explosive  reaction  and  the 
temperatures  predicted  for  thermal  ini¬ 
tiation  in  the  observed  time  to  explosion. 
Thus  the  sensitiveness  to  thermal  initia¬ 
tion  can  be  predicted  by  a  simple  thermal 
model  using  kinetic  parameters  for  the 
explosive  compositions,  although  these 
have  been  derived  from  decomposition 
studies  at  lower  temperatures.  Since  the 
thermal  model  takes  no  account  of  the 
effect  of  pressure  yet  compares  well  with 
experimental  results,  it  can  be  assumed 
that  the  main  effect  of  pressure  is  to. 
provide  confinement.  This  prevents  the 
heat  losses  which  would  otherwise  occur 
by  the  escape  of  hot  gases  from  the  sur¬ 
face  of  the  explosive  and  maintains  good 
thermal  coupling  between  the  hot  surface 
and  the  explosive.  This  is  well  illustra¬ 
ted  by  the  test  on  a  hot  wire  under  a 
static  load  of  50  lb  where  no  explosion 
was  obtained. 

Confinement  would  be  particularly 
important  (if  rapid  decomposition 
occurred  in  the  gas  phase  rather  than  in 
the  solid  explosive)  by  preventing  escape 
of  gases  in  the  early  stages  of  initia¬ 
tion.  This  could  be  an  important  distin¬ 
guishing  feature  between  secondary  and 
primary  explosives.  For  primary  explosives 
where  thermal  decomposition  can  occur 
rapidly  in  the  solid  phase,  confinement 
would  not  be  expected  to  be  so  important. 
The  thermal  sensitivity  of  primary  explo¬ 
sives  is  defined  by  their  decomposition 
kinetics  largely  independent  of  the  pre¬ 
sence  or  absence  of  confinement.  However, 
for  secondary  explosives  prediction  of 
thermal  sensitivity  is  possible  from 
simple  kinetics  only  when  the  confinement 
is  such  that  the  site  of  reaction  is  main¬ 
tained  close  to  the  explosive*  surface  and 
this  condition  can  arise  during  impact. 

At  the  test  temperature  the  explosive  sur¬ 
face  will  be  molten  and  the  rate  deter¬ 
mining  step  is  likely  to  be  the  forma¬ 
tion  of  a  reactive  vapour.  Reaction  in 
the  vapour  phase  would  then  proceed  very 
rapidly  under  the  test  pressures.  Under 
the  impact  pressure  there  will  be  a 
tendency  for  the  thin  melt  layer  to  flow 


and  distort  the  heat  flow  conditions  at 
the  interface.  However  for  the  range  of 
pressures  investigated  the  effect  is 
believed  to  be  small  except  for  TNT  where 
the  ejection  of  melt  was  observed. 

A  comparison  of  the  thermal  sensiti¬ 
vity  of  the  explosives  tested  on  the  hot 
plate  shows  that  HMX  is  thermally  more 
stable  than  RDX  and  this  is  also  reflec¬ 
ted  in  the  relative  sensitivity  of  HMX- 
and  RDX-containing  compositions.  PETN  is 
considerably  more  sensitive  than  the 
other  explosives  tested  whereas  TNT  and 
DATB  are  much  less  sensitive. 

The  influence  of  confinement  on  the 
magnitude  of  the  events  produced  in  Octol- 
B  may  be  assessed  from  the  results  in 
Tables  5  and  9  relating  to  the  effect  of 
impact  pressure.  There  is  some  indication 
that  the  likelihood  of  explosive  events 
on  the  hot  plate  is  reduced  by  a  reduc¬ 
tion  in  impact  pressure  and  clear  evi¬ 
dence  that  the  violence  of  event  is 
reduced  in  the  hot  wire  test.  This  could 
be  an  important  factor  in  the  behaviour 
of  explosive  charges  in,  for  example, 
the  oblique  impact  test  since  the  impact 
pressure  will  be  dependent  on  the  mechani¬ 
cal  strength  of  the  explosive  composition. 

The  presence  of  cracks  in  the  explo¬ 
sive  sample  does  not  lead  to  any  enhance¬ 
ment  of  explosive  reaction  in  Octol-B  on 
the  hot  plate  and  in  fact  in  the  tests 
with  a  hot  wire  there  is  a  marked  decrease 
in  the  violence  of  the  explosive  event. 
Although  this  may  be  partly  due  to  the 
lower  impact  pressure  obtained  with  the 
equivalent  drop  on  the  cracked  samples 
the  nature  of  the  explosive  reaction 
suggests  that  it  is  the  loss  of  confine¬ 
ment  due  to  the  presence  of  the  crack, 
allowing  escape  of  gases  from  the  region 
of  the  hot  wire,  that  is  responsible  for 
the  reduced  reaction. 

CONCLUSIONS 

A  test  has  been  devised  which  can  be 
used  to  examine  initiation  of  secondary 
explosives  by  conduction  from  a  hot  plate 
or  hot  wire  under  impact  conditions. 

Impact  tests  on  a  hot  plate  show  that  the 
thermal  stability  of  organic  explosives 
has  the  following  ranking: 

TNT  >  DATB »  HMX  >  RDX »  PETN 

The  temperature  conditions  for  ini¬ 
tiation  can  be  predicted  reasonably  well 
from  a  thermal  model  which  takes  account 
of  the  decomposition  kinetics  as  a  func¬ 
tion  of  temperature.  The  impact  provides 
confinement  in  the  early  stages  of  initia¬ 
tion.  This  prevents  heat  losses  from  the 
explosive  surface  which  would  arise 
through  escape  of  hot  gaseous  reagents 
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and  decomposition  products  and  maintains 
good  thermal  coupling  between  the  hot 
surface  and  the  explosive. 

There  is  evidence  that  the  extent  of 
explosive  reaction,  which  depends  on  the 
explosive  tested,  is  also  affected  by 
the  impact  pressure  and  the  presence  of 
cracks.  Conditions  which  lead  to  loss  of 
confinement  near  the  reaction  site 
result  in  a  less  extensive  and  less  vio¬ 
lent  reaction. 
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The  initiation  of  explosion  of  small  blocks  of  high  explosive,  a 
few  centimetres  in  size,  has  been  produced  by  sliding  a  flat  face 
of  the  explosive  along  suitable  surfaces •  A  specially  designed 

apparatus  produced  a  constant  sliding  velocity  which  was  imposed 
from  rest  in  a  fraction  of  a  millisecond.  The  pressure  of  the 
sample  against  the  surface  was  held  constant.  Initiation  was 
obtained  only  when  grit  was  present  on  the  surface.  Prom  ex¬ 
periments  using  arrays  of  isolated  grit  particles  it  is  concluded 
that  initiation  is  caused  by  a  co-operative  effect  of  many  grit- 
to-grit  contacts.  This  co-operative  effect  is  considered  to 
arise  from  the  gas  produced  by  slight  decomposition  around  indi¬ 
vidual  grit  contacts,  and  the  consequent  confining  action  on  the 
innermost  gas-producing  regions  of  the  sliding  area,  leading  to 
easier  growth  of  reaction  in  these  regions.  The  effect  thus  in¬ 
volves  many  'warm  spots'  acting  simultaneously.  In  most  real 
situations  it  would  swamp  the  classical  process  of  growth  from  a 
s ingle  ' hot  spot ' • 

Separate  experiments  were  carried  out  using  explosive  charges 
with  a  few  tens  of  centimetres  typical  dimension.  A  more  comp¬ 
lex  frictional  stimulus  was  applied  in  this  case  by  allowing  the 
charge  to  fall  onto  a  horizontal  surface  at  an  oblique  angle  of 
incidence.  Various  degrees  of  explosive  response  were  observed, 
depending  upon  the  composition.  Detonation  resulted  in  some 
cases.  These  findings  are  compared  with  those  which  were  ob¬ 
tained  with  the  friction  apparatus.  It  is  concluded  that  the 
same  mechanism  of  initiation  is  involved. 


1  .0  INTRODUCTION 

It  has  long  been  recognised  that 
accidental  initiation  of  an  explosive 
mass  nearly  always  originates  from  chemi¬ 
cal  reaction  in  some  very  small  region 
of  it,  with  reaction  then  spreading  to 
the  main  mass  of  explosive.  It  is 
therefore  natural  that  a  very  small  quan¬ 
tity  of  high  explosive  has  often  been 
considered  sufficient  for  a  test  designed 
to  assess  the  safety  of  an  explosive. 

Experience  with  such  tests  led  to 
the  recognition  that  with  secondary  exp¬ 
losives  initiation  by  friction  or  by  imp¬ 
act  is  relatively  difficult.  Secondary 
solid)  explosives  were  therefore  regar¬ 
ded  as  being  relatively  free  from 
handling  hazards.  Such  hazards  as 
might  be  present  were  considered  to  be 


associated  with  powdered  explosive,  which 
appeared  to  be  required  before  a  signi¬ 
ficant  explosion  could  develop.  Conse¬ 
quently,  secondary  explosive  in  charge 
form  was  in  no  way  regarded  as  likely  to 
explode  in  day-to-day  handling. 

Occasional  accidents  with  bare 
charges  have  subsequently  shown  the  need 
to  qualify  this  simple  view,  and  have  led 
to  the  introduction  of  new  tests  invol¬ 
ving  explosive  in  charge  form. 

The  present  paper  is  concerned  with 
explosive  in  this  form.  Firstly  it  des¬ 
cribes  a  friction  apparatus  which  has 
been  used  to  elucidate  the  mechanism  of 
frictional  initiation,  and  which  may 
also  be  used  as  a  convenient  safety  test. 
Secondly  it  summarises  the  main  features 
of,  and  results  from,  a  useful  large 
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Pig.  1  -  Charge  friction  apparatus  (schematic  sectional  view) 


charge  test  in  which  frictional  initia¬ 
tion  is  involved.  Thirdly  it  discusses 
the  growth  of  explosion  which  follows  the 
frictional  initiation  process,  and  which 
leads  to  detonation  in  some  cases. 


2.0  CHARGE  FRICTION  APPARATUS 

The  most  promising  way  to  study  the 
frictional  initiation  was  thought  to  be 
to  press  a  stationary  friction  surface 
against  a  stationary  explosive  surface, 
and  then  suddenly  to  cause  the  former  to 
slide  on  the  explosive  at  constant  velo¬ 
city.  This  is  the  basis  of  the  charge 
friction  apparatus.  One  important  con¬ 
sideration  was,  of  course,  the  need  to 
operate  the  apparatus  safely  and  this 
requirement  determined  several  of  the 
features  of  the  design  described  below. 

A  high  explosive  (H.E.)  charge 
sample,  usually  a  25.4  mm  cube,  was  incor¬ 
porated  into  a  high  density  laminated 
wooden  surround,  (Jabroc),  leaving  one 
flat  face  of  the  explosive  just  protru¬ 
ding  from  the  lower  side,  (Fig.1).  The 
Jabroc  was  firmly  bolted  to  the  underside 
of  a  massive  steel  block  which  was  con¬ 
strained  to  move  in  a  vertical  direction 
only.  A  piston  rested  on  the  steel 
block  making  a  total  mass  of  (usually) 

22.7  kg  above  the  H.E.  surface.  The 
whole  mass  could  be  pressed  downwards  by 
means  of  compressed  air  acting  on  the 
piston.  Remote  operation  of  the  appara¬ 
tus  involved  a  steel  table  (rotated  on  a 
radius  of  0.98  m)  being  slowly  raised  by 
a  hydraulic  jack  to  the  horizontal  posi¬ 


tion  when  it  lifted  the  22.7  kg  test- 
assembly  off  shoulders  on  which  the 
assembly  was  supported  during  attachment 
of  the  H.E.  The  flat  face  of  the  H.E. 
was  then  resting  on  a  friction  surface 
which  in  turn  rested  on  the  steel  table 
supported  from  underneath  by  a  strong 
support-arm.  A  45.4  kg  weight  was  also 
raised  remotely.  In  an  experiment  the 
friction  surface  was  jerked  in  a  hori¬ 
zontal  direction  via  a  series  of  linkages 
which  moved  suddenly  following  a  suitable 
impact  from  the  weight.  The  latter  fell 
from  a  bomb  release  down  a  guide-pole. 

A  high  speed  cine  photograph  was  taken 
through  a  port  in  the  wall  of  the  firing 
chamber,  and  this,  together  with  visual 
and/or  microscopic  examination  of  the 
abraded  or  fragmented  test  sample,  consti¬ 
tuted  the  evidence  which  was  obtained 
from  each  experiment. 

For  investigation  of  the  processes 
occur ing  at  the  sample,  a  relatively 
sensitive  composition,  98/2  HMX/TNT,  was 
used  unless  otherwise  stated. 


2.1  Further  Experimental  Details 
(a)  Friction  Surfaces 

A  standard  sand/ epoxy  resin/steel 
x'riction  surface  was  prepared  by  coating 
a  sand-blasted  16  swg  mild  steel  stri£) 
with  epoxy  resin  using  a  roller  to  obtain 
an  even  film.  A  sieved  fraction  of 
British  Drug  Houses  sand  (251-295  was 
shaken  over  the  surface  of  the  epoxy 
film,  then  the  excess  sand  was  shaken  off 
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and  the  resin  baked  in  an  oven.  The 
other  friction  surfaces  were  prepared  by 
bonding  sheet  glass,  slab  H.E.  (38  ram 
wide  3.2  mm  thick)  or  a  thin  metal  file 
onto  the  steel  strip  in  place  of  the  grit. 
The  single  grit  particles  used  in  some 
of  the  later  experiments  were  approxi¬ 
mately  300  \i  diameter  sand  particles, 
fairly  rounded  particles  being  selected, 
using  a  microscope. 

A  strip  of  FTPS  76  u  film  was  inter¬ 
posed  between  the  underside  of  the  fric¬ 
tion  surface  and  the  steel  table  to 
reduce  unwanted  friction. 


(b)  Constancy  of  Sliding  Velocity 

It  was  found  with  some  H.E#  compo¬ 
sitions  that,  at  the  higher  contact 
pressures,  the  falling  weight  could  not 
always  overcome  the  high  frictional 
force.  The  friction  surface  tended  to 
decelerate  markedly.  This  effect  does 
not  seriously  affect  the  results  report¬ 
ed  here.  In  the  later  experiments  it 
was  eliminated  by  inserting  a  pre¬ 
tensioning  piston/cylinder  system  into 
the  series  of  linkages  and  so  providing 
a  horizontal  force  to  balance  the  slid¬ 
ing  friction. 

The  friction  surface  accelerated 
very  rapidly  from  rest,  a  steady 
velocity  being  achieved  within  0.3  msec. 
The  velocity  remained  approximately 
constant  for  10  msec. 


(c)  Action  of  Falling  Weight 

The  friction  surface  was  linked 
through  the  pre-tensioning  piston  to  a 
bell-crank  which  converted  the  impact  of 
the  falling  weight  into  horizontal  move¬ 
ment  of  the  friction  surface.  The  axle 
of  the  bell-crank  was  given  strong 
support  to  prevent  gross  vibration  under 
the  impact  loading. 


(d)  Self-Protecting  Bell-Crank 

The  pre-tensioning  system  applied 
considerable  horizontal  force  to  the 
linkages  which  were  restrained  by  the 
friction  force  between  H.E.  and  sand 
before  and  after  the  friction  surface 
started  to  slide.  This  frictional 
force  would  vanish  in  the  event  of  an 
explosion  and  the  bell-crank  would  then 
accelerate  away  from  the  falling  weight 
with  a  self-damaging  effect.  This 
eventuality  was  guarded  against  by 
designing  a  three-armed  bell-crank  to 
engage  with  the  falling  weight.  Then 
loss  of  frictional  resistance  would 
cause  the  bell-crank  to  slightly  accele¬ 


rate  the  falling  weight  towards  the 
ground.  The  falling  weight  only  disen¬ 
gaged  from  the  crank  when  the  crank  and 
linkages  had  less  than  6  mm  of  travel  to 
a  buffer.  The  weight  then  continued  to 
fall.  It  landed  on  sandbags  on  a  steel 
plate  which  acted  as  a  load  spreader  to 
more  sandbags  laid  on  the  concrete  floor. 


(e)  Frictional  Force  Measurement 

The  frictional  force  acting  between 
the  H.E.  and  the  friction  surface  was 
estimated  via  strain  gauges  bonded  to 
the  16  swg  steel  plate. 


(f )  Alignment  and  Calibration 

To  ensure  that  the  pressure  acting 
on  the  H.E.  surface  was  uniform  a  dummy 
assembly  with  a  steel  block  substituted 
in  place  of  the  H.E.  was  used  to  check 
the  alignment  of  the  apparatus.  The 
pressurizing  cylinder,  piston  and  test 
assembly  were  adjusted  with  shims  until 
the  thrust  acted  normally  to  the  table 
on  which  the  friction  surface  slides. 
V/hen  adjustment  was  complete  (i)'  there 
was  no  gap  between  the  steel  block  and 
the  table  before  pressurising,  and  (ii) 
pressurisation  produced  an  even  com¬ 
pression  of  a  lead  disc  squeezed  between 
the  block  and  the  table. 

The  total  thrust  acting  on  a  sample 
was  established  by  calibration  at 
various  gas  pressures  of  the  vertical 
loading  system,  using  a  proving  ring. 

To  prevent  tilting  of  the  H.E. 
sample  assembly  during  friction  on  the 
sliding  surface,  steel  rollers  were 
fitted  fore  and  aft  of  the  22.7  kg  mass. 


3.0  INITIATION  OF  EXPLOSION  IN  THE 
FRICTION  APPARATUS 


3.1  High  Pressure  is  Required 

The  first  experiments  were  carried 
out  with  the  weight  of  a  45  «4  kg  mass 
as  the  only  source  of  pressure  between 
the  explosive  surface  and  the  friction 
surface.  The  contact  pressure  was 
therefore  7.0  kg/cm2.  In  addition  to 
the  standard  friction  surface,  various 
patterns  and  dispositions  of  the  grit 
were  used,  such  as  loose  grit  on  steel, 
loose  grit  on  bonded  grit,  and  grit 
bonded  in  a  pattern  of  spots,  but  in 
none  of  these  experiments  was  explosion 
observed.  Likewise  no  explosion  was 
detected  when  normal  red  match-head  com¬ 
position  was  placed  between  the  explo- 
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TABLE  1 

Frictional  Initiation  of  Various  Explosives 

Approximately  600  cn/sec 
(For  symbols,  see  Appendix) 


Contact  Pressure 

_  p 

(kg  cm  ) 

Explosive, 

25.4  mm  Cube 

98/2 

HMX/TNT 

PBX  9404 

60/40 

rdx/tnt 

60/40/1 

RDX/TNT  A  ax 

513 

p 

PPpE 

432 

P  P  N 

N  N  N 

346 

P 

N  N  N 

264 

P 

N 

180 

P  N 

85.7 

E  E  E  E 

N  N 

64.6 

N  N  N  N 

45.0 

N 

23.9 

N 

TABLE  2 

Effect  of  Sliding  Velocity  on  Frictional  Initiation 


98/2  HMX/TNT  (25.4  mm  cube) 
(For  symbols  see  Appendix) 


Contact  Pressure 

p 

(kg  cm  ) 

Approximate  Sliding  Velocity  (cm  sec~^ ) 

150 

300 

600 

180 

E  E  E  E  E 

04 

00 

N  N  E  N 

85.7 

N  N  N  N 

E  E  E  N 

E  E  E  E 

64.6 

N  N  N  E 

N  N  N  N 

45.0 

N  N  N  N 

N 

23.9 

N 

sive  and  the  friction  surface,  although 
in  this  case  occasional  puffs  of  smoke 
could  be  seen  on  the  cine  film. 

For  subsequent  experiments,  compres¬ 
sed  nitrogen  on  the  piston  was  used  to 
press  the  22.7  kg  test-assembly  onto  the 
friction  surface,  and  so  provide  a  great¬ 


ly  increased  contact  pressure  between  the 
explosive  and  this  surface.  Explosions 
were  then  observed  above  a  certain 
minimum  contact  pressure.  Table  1  pre¬ 
sents  typical  results  and  shows  that  the 
contact  pressure  required  to  initiate  ex¬ 
plosion  varied  considerably  with  the  com¬ 
position.  As  might  be  expected  for 
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frictional  initiation,  a  higher  sliding 
velocity  facilitated  initiation  to  some 
extent,  so  that  for  such  a  case  initia¬ 
tion  was  observed  at  a  contact  pressure 
which  was  lower  than  that  needed  at  low 
sliding  speeds,  see  Table  2. 


3.2  Grit-to-Grit  Contacts  are  Required 

In  order  to  throw  light  on  the 
mechanism  of  initiation,  several  other 
friction  surfaces  were  investigated. 

The  attempt  was  made  to  choose  surfaces 
which  would  perform  only  one  of  the  main 
roles  played  by  the  standard  grit  sur¬ 
face.  Thus,  sheet  glass  was  chosen  to 
represent  the  role  of  a  poor  conductor, 
an  H.E.  slab  to  represent  the  embedded 
smear  of  H.E.  which  arises  with  the  stan¬ 
dard  surface,  and  a  metal  file  to  rep¬ 
resent  the  cutting  action  which  a  grit 
bed  produces.  None  of  these  surfaces 
produced  initiation  under  stringent  con¬ 
ditions  (600  cin/sec,  513  kg/cm^).  This 
indicates  that  the  characteristics  which 
they  represented  are  not  the  essential 
features  which  lead  to  the  easy  initia¬ 
tion  on  the  grit  surface.  In  a  sub¬ 
sidiary  experiment  involving  sand 
sprinkled  on  the  file,  initiation  was 
easily  obtained,  thus  confirming  that  the 
high  thermal  conductivity  of  the  file 
surface  would  have  been  unlikely  to  have 
prevented  initiation  had  a  cutting  action 
been  the  essential  initiating  mechanism. 
With  these  possibilities  fairly  well 
ruled  out,  the  only  remaining  possibility 
of  any  real  consequence  concerns  the 
action  of  grit-to-grit  contacts.  In 
several  experiments  a  single  grit  particle 
was  placed  on  a  glass  surface  similar 
to  that  mentioned  above.  The  glass 
constituted,  of  course,  a  planar,  high 
melting  (i.e.  'grit')  surface.  The 
particle  was  positioned  under  the  centre 
of  the  explosive  sample.  An  explosion 
was  found  to  occur  soon  after  sliding 
commenced.  It  can  thus  be  concluded, 
that  of  all  the  characteristics  of  the 
standard  surface,  that  which  is  most 
likely  to  be  responsible  for  initiation 
is  the  characteristic  that  a  source  of 
grit-to-grit  contacts  is  provided.  This 
conclusion  is  consistent  with  the  well 
known  fact  that  grit  particles  may  often 
facilitate  ignition  of  explosives  because 
the  high  melting  point  of  such  particles 
allows  high  temperatures  at  their  surface, 
whereas  in  the  absence  of  grit,  mechani¬ 
cally  attainable  temperatures  tend  to  be 
limited  to  the  melting  point  of  the 
explosive,  (Ref .1 ) • 


3.3  Grit  Particles  Act  Co-operatively 

To  enable  more  detailed  conclusions 
to  be  drawn  regarding  the  action  of  grit 


particles  in  the  standard  grit  surface, 
the  effect  of  using  several  isolated 
particles  on  the  glass  was  investigated. 
They  were  placed  in  a  regularly- spaced 
symetrical  pattern  on  a  15  mm  square,  5 
or  16  particles  being  used. 

The  results  of  these  experiments  are 
given  in  Table  3*  Before  discussing 
them  it  is  important  to  consider  how 
many  grit-to-grit  contacts  might  be  in¬ 
volved.  The  contact  pressure  usually 
crushes  each  grit  particle  so  that  many 
fragments  are  produced  and  become  em¬ 
bedded  in  the  H.E.  By  inspection  of 
scratches  on  the  glass  plate  after  a 
slide  with  no  explosion,  these  fragments 
were  seen  to  have  been  distributed  over 
a  radius  of  0.3  to  3  mm  with  occasional 
minute  fragments  at  up  to  6  mm  radius. 

The  fragment  positions  probably  become 
displaced  during  an  experiment,  but  only 
in  relation  to  the  typical  slide  dis¬ 
tance  prior  to  explosion,  and  this  dis¬ 
tance  was  found  here  to  be  not  greater 
than  3  mm.  Now,  the  initial  position 
of  a  particle  in  the  5-member ed  array  is 
no  nearer  than  10  mm  to  another  particle, 
or  15  mm  in  the  slide  direction.  It  is 
therefore  clear  that  fragments  from 
different  particles  have  almost  no  chance 
of  coming  into  contact  to  produce  more 
grit-to-grit  contacts  than  would  be 
expected  from  five  completely  isolated 
crushed  particles.  In  the  16-particle 
case  there  might  be  a  small  percentage 
increase  in  the  number  of  grit-to-grit 
contacts  over  the  number  to  be  expected 
from  16  isolated  particles,  but  neverthe¬ 
less  the  above  conclusion  will  be  approx¬ 
imately  valid  in  this  case  also. 

It  can  be  seen  from  the  results 
that  the  contact  pressure  needed  for 
initiation  was  significantly  lower  when 
additional  grit  particles  were  present. 
Such  a  co-operative  action  of  isolated 
grit  particles  cannot  arise  from 
additional  grit-to-grit  contacts,  as  we 
have  seen.  It  must  therefore  be  due  to 
the  influence  of  product  gas  from  the 
micro-region  around  one  crushed  particle, 
on  the  processes  occuring  in  the  micro- 
region  of  another  crushed  particle.  An 
influence  of  this  kind  would  act  by  the 
gas  from  one  micro-region  hindering  the 
escape  of  gas  from  a  neighbouring  micro- 
region  and  so  allowing  the  pressure  to 
rise  higher  than  otherwise.  This  would 
enable  reaction  (especially  at  the 
innermost  grit  particle(s) , )  to  develop 
to  a  greater  extent  towards  full  ignition. 

This  picture  can  be  extended  to  the 
case  of  a  continuous  layer  of  grit  par¬ 
ticles  such  as  was  present  on  the  stan¬ 
dard  friction  surface.  Ignition  would 
then  be  expected  to  be  achieved  at  an 
applied  pressure  which  would  be  very 


239 


Dyer  and  Taylor 


TABLE  3 

Effect  of  Grit  on  Frictional  Initiation 

98/2  HMX/TNT  (25.4  nun  Cube)  2 

300  sand  particles  (5  and  16  were  in  (15  mm)^) 
Approximately  600  cn/sec 

(For  symbols  see  appendix) 


Contact  Pressure 
(kg  cm  “) 

Friction  1 

'Surface' 

Glass 

Grit  on  Glass 

Number  of  Isolated  Grit  Particles 

Grit 

Continuous  layer 
bonded  onto  epoxy 
resin 

1 

5 

16 

513 

N  N  N 

E  E  E* 

432 

N  N  N 

346 

N 

E  E  E  E 

264 

N  N  N 

E^E  K 

180 

N 

N 

E*  N  N 

E  E  E 

138 

E  E 

85.7 

E  E  E  E 

64.6 

N  N  N 

*  Approximately  200  cny'sec 
^  16  particles  plus  one  in  the  centre 


much  lower  than  that  needed  for  initia¬ 
tion  by  a  single  grit  particle.  The 
last  column  of  Table  3  shows  that  this  is 
the  case.  The  effect  of  a  single  grit 
particle  would  be  completely  insignifi¬ 
cant  at  this  lower  stimulus  level.  How¬ 
ever,  with  the  layer  of  particles,  the 
weak  generation  of  gas  at  many  micro- 
regions,  i.e.  'warm  spots',  over  the  area 
of  the  explosive,  would  have  a  mutually 
amplifying  effect.  This  would  operate 
by  the  escape  of  gas  near  the  centre  of 
the  area  being  severely  hindered  as 
referred  to  above  for  the  grit-on-glass 
experiments.  Initiation  at  the  lower 
stimulus  level  is  thus  explained. 

The  standard  surface  had,  of  course, 
several  features  which  were  not  Bimple 
extrapolations  of  the  grit-on-glass 
system.  For  example  the  grit  layer  was 
bonded  in  place.  It  was  also  several 
particles  deep  and  so  perhaps  to  some 
extent  'porous'.  However  these  are 
minor  features  which  do  not  seem  to  form 
a  basis  for  invalidating  the  argument. 

There  seems  little  doubt  that  the 


co-operative  mechanism  under  discussion 
will  be  equally  relevant  to  other  secon¬ 
dary  explosives  than  the  98/2  HMX/TNT 
with  which  it  has  been  investigated. 
Likewise,  the  picture  can  be  extended 
with  some  confidence  to  certain  other 
friction  surfaces,  including  those  which 
have  practical  importance  such  as  bare 
concrete. 


4.0  OBLIQUE  IMPACT  OF  LARGE  CHARGES 

The  experiments  which  have  been 
described  above  involved  charges  of  a  few 
centimetres  typical  dimension.  This 
relatively  small  size  would  be  likely  to 
limit  the  intensity  of  explosive  reaction 
which  could  develop.  There  is  essen¬ 
tially  no  such  limitation  in  the  work 
which  is  summarised  below.  It  involved 
charges  which  had  a  few  tens  of  centi¬ 
metres  typical  dimension. 

A  bare  charge  was  allowed  to  impact 
a  horizontal  surface  at  an  oblique  angle 
of  incidence,  usually  45  •  A  frictional 
stimulus  of  some  kind  was  therefore 
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TABLE  4 

Oblique  Impact  of  Large  Charges 
22.7  kg  nominal 
(For  symbols  see  appendix) 


Drop  Height 

(metres) 

Explosive 

PBX  9404 

Baratol 

60/40 

rdx/tnt 

60/40/1 

RDX/TNT/Wax 

3.0 

N  N  N  p 

1.5 

H 

£ 

£  £ 

N 

0.9 

H  N 

p 

N  N  p 

0.6 

N 

produced  at  the  same  time  as  a  high  (im¬ 
pact-derived)  contact  pressure.  Hemi¬ 
spheres  of  H.E.  weighing  11.3  kg  or  more 
were  used.  They  were  swung  on  long  thin 
wires  to  strike  a  sand/epoxy  surface  (or 
occasionally  another  surface)  at  the 
desired  angle, (Fig.  2).  Very  low  drop 
heights  sometimes  resulted  in  explosion, 
and  in  some  cases  detonation  (see  Table  4)* 
By  contrast  initiation  by  vertical  drop 
required  at  least  an  order  of  magnitude 
greater  drop  height,  e.g.  one  experimental 
composition  detonated  after  0«3n  drop  and 
45°  incidence,  but  only  after  a  3*0  metre 
drop  vertically.  Investigation  of  the 
mechanism  of  initiation  was  directed 
towards  deciding  whether  it  was  frictional 
and  whether  the  position  of  initiation  was 


at  the  charge  surface. 


4.1  A  Frictional  Mechanism 

As  we  have  seen,  impact  initiation 
was  greatly  facilitated  if  an  oblique 
angle  of  incidence  was  used.  This 
effect  is  very  difficult  to  explain 
other  than  by  assuming  that  friction  on 
the  surface  was  the  primary  cause  of 
initiation.  Other  confirmatory  evidence 
was  obtained: - 

(i)  Water  was  poured  over  a  concrete 
target  slab  prior  to  the  experiments. 

In  the  absence  of  water,  initiation  would 
have  been  produced  easily.  However  no 
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initiation  was  observed,  as  might  be  ex¬ 
pected  by  water  providing  lubrication  and 
thus  reducing  friction,  and/or  providing 
heat  sink  effects, 

(ii)  Epoxy-resin/steel  was  compared  with 
the  standard  sand/ epoxy-resin/steel 
surface.  Initiation  only  occured  on 
the  latter,  as  might  be  expected  for  a 
frictional  mechanism,  since  much  higher 
temperatures  can  arise  at  grit-to-grit 
contacts. 


4.2  Initiation  is  at  the  Charge  Surface 

In  a  series  of  experiments  small 
amounts  of  water  were  used  to  lightly 
wet  the  standard  friction  surface.  In 
no  case  was  initiation  prevented,  but  in 
four  out  of  six  experiments  the  explo¬ 
sive  event  was  markedly  less  powerful 
than  with  a  dry  grit  surface.  Such  a 
controlling  influence  of  the  surface 
conditions  could  hardly  occur  if  the 
point  of  initiation  were  some  distance 
inside  the  charge,  and  hence  it  is  clear 
that  the  event  initiates  at  the  charge 
surface. 


4.3  Initiation  Compares  with  that  in 
Friction  Apparatus 

The  initiation  is  thus  a  surface 
frictional  effect  which  is  greatly 
facilitated  by  the  presence  of  grit,  and 
which  occurs  whilst  there  is  a  high  con¬ 
tact  pressure  produced  by  the  impact. 
These  surface  conditions  are  clearly 
very  similar  to  those  which  are  present 
when  initiation  occurs  on  the  friction 
apparatus.  With  the  large  charges,  the 
frictional  stimulus  is  somewhat  more 
complex,  in  that  sliding  occurs  under  a 
contact  pressure  which  rises  to  a  peak 
and  then  may  fall  to  zero.  However 
this  would  not  be  expected  to  alter  the 
essential  nature  of  the  process.  We 
therefore  conclude  that  the  same  initia¬ 
tion  mechanism  applies  in  the  two  cases. 


5.0  GROWTH  TOWARDS  DETONATION 


5.1  Explosion  Magnitudes 

The  effects  following  initiation 
varied  greatly  from  explosive  to  explo¬ 
sive.  Thus  it  was  found  that  with  some 
explosives  there  might  be  little  more 
than  a  puff  of  gas  produced,  whilst  witj 
other  explosives  a  very  intense  explo¬ 
sion  would  result.  This  was  the  case 
with  both  the  small  samples  of  the 
friction  apparatus  and  the  large  charges 
of  the  impact  experiments. 


These  effects  were  most  marked  and 
require  further  study.  It  will  merely 
be  noted  here  that  they  are  clearly  very 
relevant  to  the  subject  of  explosion 
hazard.  The  empirical  characteristic 
which  is  involved  may  be  referrred  to  as 
the  ’explosiveness*  of  the  system,  and 
should  be  considered  along  with  ’sen¬ 
sitiveness*  in  any  comprehensive  assess¬ 
ment  of  explosion  hazard. 

Only  a  limited  correlation  was 
found  between  the  ’explosiveness*  in  the 
small  scale  and  that  in  the  large  scale 
experiments,  as  might  be  expected  from 
the  very  different  environments  which 
the  two  systems  provide  for  the  growing 
reaction.  Thus,  factors  such  as  area 
of  contact,  pressure  of  contact,  strength 
of  adjacent  medium  etc.  probably  have  an 
effect •  Tables  1  and  4  give  an  indica¬ 
tion  of  the  types  of  explosion  which 
were  observed.  Detonation  is  considered 
to  have  been  attained  in  the  case  of  the 
high  order  explosions  of  the  large 
charges,  (Table  4),  whilst  with  the 
friction  apparatus  the  detonation  stage 
was  never  reached. 


5.2  Principal  Stages  of  Growth 

These  observations  as  a  whole, 
appear  to  be  explicable  in  terms  of 
variation  in  the  extent  of  occurance  of 
a  sequence  of  processes  rather  than 
differences  in  their  essential  nature. 

The  study  of  one  particular  composition 
is  thus  regarded  as  throwing  light  on 
the  behaviour  of  secondary  explosive 
charges  in  general.  Whilst  lacking 
positive  proof  as  to  the  mechanism  of 
growth  subsequent  to  frictionally 
induced  gas  generation,  the  principal 
stages  appear  to  be  as  follows: 

(i)  an  ignition  at  the  confined  (contact) 
surface  of  the  charge,  leading  to  violent 
gas  evolution; 

(ii)  a  resulting  pressure  build-up  which 
breaks  up  the  charge,  often  with  a 
violent  crushing  action; 

(iii)  consequent  gas  penetration  to  the 
internal  surface,  which  therefore 
becomes  ignited  and  gives  a  still  more 
rapid  gas  production. 

The  extent  of  occurance  of  any  of  these 
processes  would  depend  upon  the  details 
of  the  system,  especially  upon  its  con¬ 
finement,  since  the  latter  controls  the 
pressure  release. 

An  example  of  the  way  in  which  a 
small  variation  of  the  effective  confine¬ 
ment  of  the  reaction,  may  affect  the 
magnitude  of  the  explosion,  is  provided 
by  results  obtained  with  the  friction 
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apparatus  using  smaller  samples  of  explo¬ 
sive.  Thus,  12.7  mm  cubes  of  98/2  HMX/ 
TNT  were  used  instead  of  the  usual  25.4 
mm  cube  samples,  so  that  the  area  in 
contact  with  the  grit  was  only  12.7  mm  x 
12.7  mm.  In  contrast  to  the  powerful 
explosions  which  usually  occur  with  this 
composition,  initiation  led  to  quite 
mild  explosions,  considerable  amounts  of 
explosive  often  remaining  unconsumed, 
see  Table  5« 


TABLE  5 

Frictional  Initiation  of  Small  Samples 

98/2  HMX/TNT  (12.7  mm  cube) 
Approximately  600  cm/ sec 


(For  symbols  see  Appendix) 


Contact  Pressure 

Result 

(kg  cm"  ) 

148 

p  p 

96.3 

N  N  p  P 

One  supplementary  experiment  with  a 
25.4  mm  cube  sample  but  with  a  6.3  mm  x 
25.4  mm  contact  area  (achieved  by  a  grit- 
coated  6.3  mm-width  steel  bar  attached  to 
the  friction  plate)  also  gave  a  very  weak 
explosion.  With  the  smaller  confined 
area  which  was  present  in  these  experi¬ 
ments,  the  gas  pressure  would  rise  more 
slowly,  and  correspondingly  less  internal 
surface  area  of  explosive  would  be  ex¬ 
posed  by  the  disruptive  effect  before  the 
pressure  release  occurred.  This  would 
lead  to  an  explosion  of  smaller  magnitude 
as  observed. 


6.0  FURTHER  DISCUSSION  OF  INITIATION 
MECHANISM 


Sliding  on  glass  and  sliding  on  the 
standard  grit  surface  therefore  both 
involve  extensive  melting  of  the  explo¬ 
sive  over  most  of  the  area  of  the  sample. 
This  indicates  considerable  heating  over 
the  surface  as  a  whole,  quite  apart  from 
the  above  mentioned  gas  generation 
processes  occuring  at  individual  grit 
particles.  The  heating  on  the  standard 
surface  can  be  assessed  from  approximate 
frictional  force  measurements  which 
indicated  a  coefficient  of  friction  in 
the  region  of  0.4.  Thi6  value  corres¬ 
ponds  to  a  total  heat  generation  in  the 
range  5-25  cal  cm”2  during  the  10  msec 
test  interval.  From  these  facts  it  seems 
likely  that  the  gas-generating  (and  hence 
initiating)  effect  of  individual  grit 
particles  will  be  facilitated  to  some 
extent  by  the  background  heating  which 
occurs. 


6.2  Time  Delay  to  Initiation 

The  time  required  for  initiation  on 
the  friction  apparatus  was  estimated  from 
the  cine  film  record.  In  the  case  of  a 
grit-on-glass  surface,  the  time  was 
usually  less  than  one  inter- frame  time 
(^0.5  msec).  When  the  standard  sand/ 
epoxy/ steel  surface  was  used  the  delay 
time  tended  to  be  slightly  larger  than 
with  grit-on-glass  for  the  same  contact 
pressure.  It  decreased  with  increase 
of  contact  pressure,  as  might  be  expected. 
Table  6  gives  the  delay  times  corres¬ 
ponding  to  most  of  the  results  of  Table  3* 


6.3  Overall  Frictional  Initiation 
Mechanism 

An  explanation  of  the  slightly 
greater  delay  time  to  explosion  with  the 
standard  surface,  compared  with  the  grit- 
on-glass  surface,  follows  immediately 
from  the  recognition  that  the  standard 
surface  probably  requires  a  certain  slide 
time  during  which  'rolling*  occurs  and 
the  upper  layers  of  grit  become  consoli¬ 
dated  with  the  lower  more  firmly  bonded 
particles. 


6.1  Background  Frictional  Heating 

From  microscopic  inspection  of  the 
glass  plate  after  a  sample  has  failed  to 
initiate,  traces  of  explosive  were  seen 
adhering  to  parts  of  the  glass  in  a  thin 
layer,  with  unmistakeable  signs  of 
previous  melting.  In  addition  the 
sample  surface  had  all  the  appearance  of 
having  b#£»  molten  over  the  whole  area 
and  had  a  high  polish.  Likewise,  from 
examination  of  the  smear  of  embedded  H.E. 
which  remained  after  sliding  on  the  stan¬ 
dard  surface,  further  clear  indication  of 
substantial  melting  was  obtained. 


Some  of  the  delay  times  can  be 
seen  to  be  relatively  quite  large. 

This  fact  requires  a  different  explana¬ 
tion.  These  delays  correspond  to  the 
sample  having  moved  a  significant  dis¬ 
tance  which  would  place  it  outside  the 
initial  contact  area  before  explosion 
occurs,  approximately  4  msec  being 
required  to  move  one  sample  width. 

Remembering  that  initiation  does  not 
occur  without  grit  particles,  large 
delays  of  this  kind  can  scarcely  be 
attributed  to  a  time  required  for  the 
grit  particles  to  achieve  some  favourable 
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TABLE  6 

Slide  Time  before  Explosion  (milliseconds) 


Contact  Pressure 

(kg  cm"2) 

Friction  ’Surface’ 

Glass 

Grit  on  Glass 

Number  of  Isolated  Grit  Particles 

Grit 

Continuous  layer 
bonded  onto  epoxy 
resin 

1 

5 

16 

513 

N  N  N 

<0.5  <0.5 

432 

346 

i/'0.5  <0.5  ^0.9 

264 

<0-5  <0.5 

180 

<0.5 

2.5  1  1.5 

138 

7  3.5 

85.7 

7.5  ~8  7  8 

64.6 

configuration.  On  the  contrary  we  must 
presume  that  the  basic  effect  of  the 
mass  of  grit  particles  remains  about  the 
same,  once  any  initial  consolidation  has 
taken  place.  It  is  fairly  clear  there¬ 
fore  that  the  delay  is  to  be  associated 
with  the  previously  noted  background 
frictional  heating.  This  heating  will 
progressively  heat  the  bulk  of  the 
explosive  sample  to  some  extent  despite 
the  smear  of  explosive  which  is  con¬ 
tinuously  deposited  on  the  grit  layer. 

The  heat  loss  rate  from  the  contact  area 
should  therefore  decrease  as  the  slide 
continues..  In  other  words  the  co¬ 
operative  gas  generation  process  at  the 
grit-to-grit  contacts  should  experience 
a  progressively  slower  heat-loss  to  the 
matrix,  until  the  former  becomes  manifest 
as  an  explosive  event. 

In  conclusion  therefore,  we  consider 
that  the  frictional  initiation  mechanism 
is  one  involving, 

(i)  gas  generation  by  micro-decomposition 
at  many  transient  grit-to-grit  contacts; 

(ii)  a  co-operative  action  of  these  which 
causes  the  innermost  contacts  to  lose  gas 
more  slowly  than  otherwise,  and  hence  to 
become  more  akin  to  classical  ’hot  spots’; 

(iii)  a  background  heating,  superposed  on 
the  whole,  and  which  in  time  produces  a 
much  slower  loss  of  heat  from  these  ’hot 
spots' . 


After  some  delay  time,  such  features 
would  favour  a  runaway  reaction,  (igni¬ 
tion).  The  latter  would  arise  at  those 
innermost  grit-to-grit  contacts  which 
happened  to  be  rubbing  together  at  that 
time. 
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APPENDIX-Symbols  for  Explosion  Magnitude 

Relative  categories,  one  experiment  type: 
H  =  High  order  explosion; 

E  =  Explosion; 

P  =  Partial  explosion; 
p  =  Small  partial  explosion; 

N  5  No  explosive  event. 
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DEFLAGRATION  IN  SINGLE  CRYSTALS 
OF  LEAD  AZIDE 
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A  study  has  been  made  of  the  initiation  and  propagation  of  fast  chemical 
reaction  in  single  crystals  of  lead  azide  using  high  speed  framing 
photography.  It  is  shown  that  sufficiently  thin  crystals  of  lead  azide 
deflagrate  with  a  velocity  of  propagation  which  depends  on  the  minimum 
dimension  of  the  crystal:  the  velocity  increasing  with  crystal  thickness. 
However,  above  215  microns  and  up  to  the  largest  size  studied  (670 
microns)  the  propagation  velocity  remains  approximately  constant  at 
about  2,900  m/sec.  A  high  magnification  examination  of  deflagrating 
crystals  sustaining  a  reaction  has  shown  that  stress  waves  and 
fractures  can  travel  ahead  of  the  reaction  zone.  In  some  situations 
fracture  ahead  of  the  front  affects  the  growth  of  the  fast  decomposition; 
however,  initiation  of  fresh  rea-ction  sites  was  not  observed.  The 
shocks  produced  by  the  fast  decomposition  were  not  strong  enough  to 
sustain  reaction.  It  is  suggested  that  the  energy  from  the  decomposing 
layers  is  transmitted  to  neighbouring  undecomposed  layers  by  conduction 
of  heat.  This  means  that  the  upper  limit  of  the  propagation  velocity 
should  be  equal  to  the  velocity  of  sound  in  the  crystal.  The  experimental 
results  support  this  model. 


INTRODUCTION 

If  chemical  reaction  is  initiated  at  a  point 
in  an  explosive  by  a  small  thermal  stimulus, 
under  suitable  conditions  fast  decomposition  may 
propagate  throughout  the  explosive.  Initiation  of 
fast  decomposition  produces  pressure  waves, 
which  travel  through  the  explosive  at  a  velocity 
at  least  equal  to  its  velocity  of  sound.  If  the 
propagation  of  fast  decomposition  is  subsonic, 
then  the  pressure  waves  will  interact  with  the 
undecomposed  explosive  ahead  of  the  reaction 
front,  and  may  cause  either  a  non-uniform  rate  of 
growth  or  initiation  of  decomposition  at  points 
distant  from  the  advancing  front,  as  has  been 
observed  in  granular  and  cast  explosives  (1,  2). 

Using  a  one -dimensional  equation  of 
conduction  of  heat  Griffiths  and  Groocock  (1)  pre¬ 
dicted  that  the  maximum  rate  of  combustion  in 
granular  high  explosives  should  be  about  1  m/sec. 
This  value  is  very  low  compared  with  measured 
values  of  the  order  of  1  Km/sec.  To  explain  this 
discrepancy  they  suggested  that  permeation  of 
gaseous  reaction  products  through  the  interstices 


was  important  (see  also  (3)).  However,  this 
theory  is  clearly  not  applicable  to  a  single 
crystal.  The  object  of  this  present  work  was  an 
investigation  of  the  mechanism  of  propagation  of 
reaction  in  single  crystals. 

A  high  speed  photographic  study  of  com¬ 
bustion  and  deflagration  is  a  suitable  approach 
to  the  problem.  Evans  and  Yoffe  (4)  were  able 
to  follow  the  combustion  of  single  crystals  of 
some  of  the  primary  explosives  with  a  high  speed 
camera.  They  found  that  the  combustion  velocity 
depended  upon  the  thickness  and  the  nature  of 
the  crystal.  Velocities  for  the  crystals  they 
studied  were  only  of  the  order  of  a  few  m/sec. 

It  is  believed  by  several  workers  (3,  5)  that  the 
primary  explosive  lead  azide  detonates  immedia¬ 
tely  after  being  ignited  and  that  a  burning  regime 
is  absent.  However,  our  experiments  show  that 
this  idea  needs  modification. 

The  amount  of  work  on  the  measurement  of 
the  propagation  velocity  of  fast  decomposition  in 
lead  azide  is  very  little.  There  is  also  no 
published  work  regarding  the  mode  of  propagation 
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in  lead  azide  single  crystals.  Bowden  and 
Mclaren  (6)  measured  the  detonation  velocity  in 
pressed  unconfined  sheets  of  lead  azide  of 
different  thickness  and  successfully  explained 
the  results  using  Jones  (7)  theory.  The  only 
reported  work  on  single  crystals  of  lead  azide  is 
that  of  Strdmsoe  (8);  however,  the  single  crystals 
he  used  were  very  non-uniform  and  it  seems 
possible  that  this  affected  the  results  in  an 
unknown  manner. 

The  high  speed  framing  camera  investi¬ 
gation  described  here  shows  that  in  sufficiently 
thin  lead  azide  crystals  burning  does  occur.  The 
propagation  velocity  increases  with  the  thickness 
of  the  crystal,  but  becomes  constant  for  crystal 
thickness  in  the  range  215-670  pm.  In  a  de¬ 
flagrating  crystal  the  fast  reaction  progresses 
continuously  with  no  new  initiation  sites 
produced  ahead  of  the  front.  A  qualitative  model, 
based  on  heat  conduction,  is  suggested  to 
explain  these  observations. 

EXPERIMENTAL 

Single  crystals  of  lead  azide  (a  and  0)  were 
prepared  by  a  diffusion  method  (9).  The  crystals 
were  identified  using  X-ray  methods.  The  lead 
azide  crystals  used  for  the  propagation  studies 
were  of  the  0  form  for  thicknesses  up  to  70  pm 
and  the  a  form  for  the  thicker  sizes.  It  was 
found  difficult  to  grow  suitably  long  a  crystals 
with  thickness  less  than  about  100  p  m:  with 
the  diffusion  method  used  long  crystals  were 
invariably  also  thick.  Single  crystals  of  silver 
azide  were  prepared  by  recrystallizing  silver 
azide  from  an  ammonical  solution. 

Bowden  and  Mclaren  (6)  and  Strdmsoe  (8) 
measured  the  propagation  velocity  in  lead  azide 
with  a  drum  camera.  In  this  study  a  framing 
camera  was  used  for  the  following  reasons. 
Firstly,  when  an  unconfined  single  crystal  is  de¬ 
flagrating  at  about  2000  m/sec,  then  products  of 
decomposition  go  ahead  of  the  reaction  zone  (see 
(10)).  It  is  clear  that  the  trace  on  a  drum  camera 
film  may  not  be  an  accurate  position-time  record 
of  the  flame  front.  Secondly,  phenomena  such  as 
the  formation  and  propagation  of  cracks  can  take 
place  ahead  of  the  reaction  front.  An  examination 
of  their  influence  on  the  growth  of  burning  is  best 
made  by  framing  photography.  The  rotating  mirror 
framing  camera  used  was  a  Beckman  and  Whitley 
model  189  camera,  capable  of  photographing  at  a 
rate  of  4  million  frames/sec.  with  a  total  number 
of  frames  of  25.  The  event  was  illuminated 
externally  by  discharging  a  bank  of  condensers 
charged  to  a  potential  of  2.5  kv  through  a 
Mullard  F.A.5  xenon -filled  tube,  the  total  energy 
discharged  being  150  Joules.  The  duration  of  the 
light  flash  from  the  discharge  tube  was 


sufficiently  small  so  that  -double  exposure  of  the 
film  did  not  occur  even  at  the  maximum  rotation 
speed  of  the  mirror. 

The  needle  shaped  crystals  were  placed  on 
microscope  glass  slides  and  held  in  place  by 
adhesive,  a  50  pm  diameter  platinum  wire  was 
laid  across  the  crystal  near  the  glued  end,  and 
also  glued  to  the  glass  slide  such  that  it  made 
good  contact  with  the  crystal.  A  schematic 
diagram  of  this  arrangement  is  shown  in  Fig.  1(a). 
A  high  energy  electrical  pulse  was  discharged 
through  the  platinum  wire  causing  the  ignition  of 
the  crystal  and  allowing  synchronization  of  the 
event  with  the  camera. 

In  the  arrangement  shown  in  Fig.  1(a)  it  is 
possible  that  the  stress  waves  in  the  glass 
(velocity  of  stress  waves  in  glass  >  velocity  of 
stress  waves  in  lead  azide)  may  cause  fractures 
in  the  crystal  ahead  of  the  decomposition  front 
and  thus  make  the  interpretation  of  the  results 
difficult.  This  disadvantage  was  removed  by 
using  the  arrangement  shown  in  Fig.  1(b).  Most 
of  the  measurements  were  made  using  this  form 
of  mounting. 


b 


Fig.  1.  The  schematic  arrangement  for  the 
mounting  and  ignition  of  the  crystal. 

It  was  observed  that  the  decomposition 
front  for  crystals  up  to  70  pm  in  thickness  was 
fairly  distinct.  However,  for  thicker  crystals 
the  decomposition  front  was  obscured  by  reaction 
products.  In  order  to  hold  back  the  products  of 
reaction,  crystals  of  thickness  >  100  p  m  were 
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confined  by  water.  To  minimise  any  hydrolysis 
of  the  crystals,  the  crystals  were  left  in  water 
for  as  short  a  time  as  possible  before  making  the 
experiment.  The  crystals  were  ignited  under 
water  in  the  way  described  above. 

Propagation  of  reaction  in  crystals  at 
100°  C  (in  air)  was  also  studied.  A  special 
furnace  was  used  for  this  purpose.  It  consisted 
of  a  ceramic  tube  0.  15  m  long  and  0.1  m  in 
diameter  with  2  flat  glass  windows  radially 
opposite  to  each  other  so  that  the  combustion  of 
the  crystal  could  be  photographed  with  back 
lighting.  A  piece  of  nichrome  wire  wound  uni¬ 
formly  round  the  tube  was  the  heating  element. 
The  mounted  crystal  was  first  placed  inside  the 
furnace  and  then  electric  current  passed  through 
the  wire.  The  time  taken  to  reach  100°C  inside 
the  furnace  was  only  5-6  minutes.  It  was 
assumed  that  during  this  time  only  a  very  small 
amount  of  decomposition  of  the  crystal  took 
place. 

A  photographic  examination  at  a  high 
magnification  (x  10  on  the  film)  was  made  of  a 
region  just  ahead  of  the  decomposition  zone  of  a 
deflagrating  crystal.  The  high  magnifications 
were  achieved  by  using  a  projection  microscope 
in  conjunction  with  the  camera.  However,  it  was 
found  necessary  to  confine  the  crystal  by  a 
transparent  fluid  (we  used  water)  to  get  distinct 
photographs.  The  working  distance  of  the  micro¬ 
scope  was  about  3  0mm  and  therefore  a  small 
transparent  cell  of  'perspex'  (lucite)  was  used  in 
which  the  crystal  was  exploded  under  water  and 
the  mode  of  propagation  of  reaction  photographed. 

The  crystals  used  in  the  experiments  were 
typically  10  mm  long,  were  reasonably  trans¬ 
parent  and  those  chosen  were  free  of  any  macro¬ 
scopic  defects.  In  the  high  magnification 
studies  the  field  of  view  of  the  camera  was  only 
a  few  mm.  The  region  of  the  crystal  chosen  for 
observation  was  about  2  mm  from  the  platinum 
wire,  which  was  at  one  end  of  the  crystal  and  out 
of  the  field  of  view  of  the  camera.  This  arrange¬ 
ment  ensured  that  reflected  tension  waves  from 
the  far  end  did  not  reach  the  region  under 
observation  until  after  the  burning  front. 

EXPERIMENTAL  RESULTS 

Fig.  2  shows  the  initiation  and  propagation 
of  fast  decomposition  in  a  3-lead  azide  crystal. 
The  crystal  was  mounted  as  shown  in  Fig.  1(a). 
Its  dimensions  are  16.  7  x  0. 175  x  0.  022  mm^. 
Except  for  the  point  of  initiation  (see  frame  8), 
which  is  about  2.2  mm  from  the  exploding  wire, 
this  sequence  shows  typically  the  propagation  of 
a  fast  decomposition  in  thin  (less  than  70  p,  m) 
3-lead  azide  crystals  mounted  in  the  manner 


shown  in  Fig.  1(a).  It  is  believed  that  even 
though  the  point  of  initiation  of  fast  decomposi¬ 
tion  in  this  crystal  is  not  located  under  the  wire, 
initiation  is  still  thermal  in  origin.  Frame  1 
shows  the  crystal  and  the  exploding  wire  (the 
wire  started  burning  rapidly  2-3  nsec  before 
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Fig.  2.  The  propagation  of  fast  reaction  in  a 
thin  3-lead  azide  crystal  in  air,  mounted  as  in 
Fig.  1(a).  1.0  nsec  between  consecutive  frames. 


frame  1).  It  can  be  seen  that  the  crystal  is  fairly 
uniform.  It  is  very  likely  that  as  the  hot  vapours 
of  the  wire  spread  over  the  crystal  they  heat  its 
surface  to  a  sufficiently  high  temperature.  In 
frame  8  a  black  spot  has  appeared  on  the  crystal 
at  P  about  2.2  mm  from  the  wire.  By  comparing 
frame  8  with  frame  4,  it  is  clear  that  the  hot 
vapours  of  the  exploding  wire  had  reached  P 
before  the  crystal  ignited  at  this  point.  The 
remaining  frames  then  show  the  propagation  of 
explosion  on  both  sides  of  P.  It  will  be  noted 
that  the  front  of  the  reaction  zone  is  reasonably 
distinct.  The  velocity  of  propagation  in  this 
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TABLE  I 


The  average  propagation  velocity  for  lead  azide  and  silver  azide  single  crystals  of  different 
thicknesses  under  various  conditions.  The  uncertainty  in  the  velocity  measurements  is 

+  100  m/sec 


Thickness  of  crystal 

Velocity  m/sec 

Initial  velocity  of 

Strength  of  initial 

microns  (pm) 

in  air  at 

under 

at  100°C 

the  water  shock 

water  shock 

room  temp 

water 

m/sec 

kbars 

3  -lead  azide  (mean 
of  4  observations) 

18 

980 

- 

- 

- 

- 

22 

1070 

- 

- 

- 

- 

28 

1110 

- 

- 

- 

- 

34 

1320 

1030 

- 

- 

- 

39 

1300 

1100 

1770 

- 

- 

45 

1210 

- 

- 

- 

- 

50 

1740 

- 

- 

- 

- 

56 

- 

1000 

- 

- 

- 

61 

1620 

- 

- 

- 

- 

a  -lead  azide  (indi¬ 
vidual  observations) 

168 

- 

1200 

- 

- 

- 

(initiated  by  shock) 

215 

- 

2800 

- 

- 

- 

(initiated  by  shock) 

280 

- 

2850 

1670 

1.3 

(initiated  by  shock) 

310 

- 

2500 

- 

1670 

1.3 

560 

- 

2900 

- 

1720 

2.0 

670 

- 

2620 

- 

1900 

3.5 

Silver  azide  (mean  of 

4  observations) 

67 

880 

- 

- 

- 

- 

168 

1040 

- 

- 

- 

- 

185 

- 

780 

- 

- 

- 

crystal  is  uniform,  with  a  value  of  1000-1100 
m/sec.  Two  other  interesting  observations  can 
be  made  from  this  sequence.  Firstly,  that  in 
frame  No.  16  the  crystal  seems  to  have  developed 
deformation  ahead  of  the  flame,  and  secondly, 
that  after  reaction  has  passed  a  mark  is  left  on 
the  glass  slide  which  is  almost  equal  in  width  to 
that  of  the  crystal  (see  frame  16).  It  was  found 
by  examining  this  mark  under  an  optical  micro¬ 
scope  that  it  was  due  to  very  small  particles  of 
lead. 

Other  results  showed  that  the  velocity  of 
propagation  increased  with  crystal  thickness 
(i.e.  the  minimum  dimension).  Variations  in 
width  did  not  produce  noticeable  changes  in 
velocity  if  the  thickness  of  the  crystal  was 
greater  than  20  pm. 


Table  I  gives  the  average  propagation 
velocity  for  crystals  of  different  thicknesses 
under  different  conditions.  Some  results  for 
silver  azide  single  crystals  are  also  presented. 

A  few  measurements  given  in  this  table  are  for 
crystals  which  were  initiated  under  water  by  mild 
shocks  (a  few  kbars)  and  this  is  indicated  in  the 
table;  all  other  observations  were  on  crystals 
ignited  by  exploding  platinum  wires. 

Table  I  shows  that  the  average  propagation 
velocity  of  unconfined  3  -lead  azide  crystals 
(i.e.  in  air)  rises  gradually  from  980  m/sec  for 
18  pm  thick  crystals  to  1600-1700  m/sec  for 
crystals  50-60  pm  in  thickness.  The  effect  of 
confining  the  crystals  by  water  is  to  reduce  the 
propagation  rate.  This  effect  is  more  pronounced 
on  relatively  thick  crystals:  a  56  pm  thick 
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crystal  which  deflagrates  at  about  1700  m/sec  in 
air  slows  to  1000  m/sec  in  water.  On  the  other 
hand,  initial  high  temperature  of  the  crystal 
increases  the  velocity  from  1300  m/sec  at  room 
temperature  to  1770  m/sec  at  100°C  for  39  pm 
thick  crystals.  These  observations  suggest  that 
the  heat  losses  from  a  deflagrating  crystal  in¬ 
fluence  its  propagation  velocity  considerably.  It 
will  also  be  noted  that  a  60  pm  thick  0  -lead 
azide  crystal  reacts  at  almost  twice  the  rate 
with  which  a  silver  azide  crystal  of  similar  thick¬ 
ness  reacts.  Thicker  crystals  (a -lead  azide) 
give  more  striking  results.  A  168  pm  thick 
crystal  deflagrates  at  1200  m/sec  (in  water)  but 
a  215  pm  crystal  reacts  at  2800  m/sec.  With 
further  increase  in  the  thickness  of  the  crystal 
the  propagation  velocity  does  not  increase  and 
remains  constant  at  2500-2900  m/sec.  This  is 
so  for  crystals  up  to  670  pm  in  thickness.  It  is 
interesting  that  even  'aged'  crystals  (aged  in 
dark  up  to  14  months)  gave  the  same  propagation 
rates  as  fresh  crystals  (up  to  3  days  old).  The 
experiments  made  under  water  also  allowed 
measurements  of  the  velocity  of  the  shock 
transmitted  from  the  deflagrating  crystal  to  water, 
a  -lead  azide  crystals  which  deflagrate  at  a 
constant  rate  transmit  shocks  to  the  water  with 
an  intensity  which  depends  upon  the  thickness  of 
the  crystal.  For  example,  crystals  280-310  pm 
in  thickness  transmit  shocks  of  about  1.3  kbars  to 
the  water,  whereas  a  670  pm  diameter  crystal 
transmits  3.5  kbar  shocks. 

Fig.  3  shows  a  sequence  of  photographs  of 
a  crystal  deflagrating  under  water.  The  crystal, 
C,  is  held  in  position  under  water  by  the 
*  aii*  wmmm 


Fig.  3.  Propagation  of  fast  reaction  in  a  thick 
a  -lead  azide  crystal  under  water.  Frame 
interval  0.7  psecs. 


platinum  wire,  W  (see  frame  1).  The  crystal  is 
6  mm  long  and  670  pm  in  diameter,  except  for 
the  final  1  mm  which  has  a  diameter  of  450  pm. 
Frames  2-4  show  the  start  of  the  explosion  of 
the  wire  and  in  frame  5  the  crystal  ignites  at  A. 
The  next  3  frames  show  a  uniform  rate  of  growth 
of  deflagration  in  the  crystal  at  2620  m/sec. 

The  shock  produced  is  quite  strong  and  stress 
waves  travelling  in  the  supporting  'perspex',  P, 
can  be  seen  in  frames  7  and  8.  These  waves 
produce  fracture  (frame  8) .  The  production  of 
fractures  in  solids  by  explosive  loading  has  been 
examined  in  earlier  work  (11) 

THE  STOPPING  OF  A  PROPAGATING  REACTION 

It  was  found  that  in  deflagrating  0  -lead 
azide  crystals  cracks  can  be  produced  ahead  of 
the  reaction  front,  and  that  these  cracks  can  then 
influence  the  development  of  the  chemical 
reaction.  This  effect  was  most  pronounced  for 
thicknesses  less  than  20  pm.  Fig.  4  shows  a 
sequence  for  a  crystal  of  dimensions 
8. 9  x  (0.45  -  0.25)  x  0.  17  mm3,  mounted  as  in 
Fig.  1(b).  Rapid  heating  of  the  wire,  W, 


Fig.  4.  A  thin  0  -lead  azide  crystal.  The  de¬ 
flagration  stops  at  a  crack  formed  ahead  of  the 
reaction  front.  Frame  interval  1.0  psecs. 
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starts  in  frame  2  which  leads  to  initiation  of  fast 
reaction  in  the  crystal ,  C,  in  frame  4.  The  fast 
reaction  propagates  at  a  speed  of''*  1000  m/sec 
(frames  4  and  5).  However,  in  frame  5,  a  crack 
is  formed  across  the  width  of  the  crystal  at  F, 
(1.2  mm  from  the  edge  of  the  glass  slide).  By 
comparing  frame  4  with  frame  5 ,  it  is  clear  that 
the  crack  formed  between  these  frames.  The 
chemical  reaction  then  travels  up  to  this  crack, 
but  does  not  go  further  (frames  6  and  7).  The 
later  frames  show  the  'spalling'  and  break-up  of 
the  far  end  of  the  crystal. 

If  a  crystal,  besides  being  17  pm  or  less 
in  thickness,  is  about  90  pm  or  less  in  width 
then  fast  decomposition  may  not  travel  the  whole 
length  of  the  crystal.  For  thicknesses  as  low  as 
10  pm  reaction  fails  for  widths  less  than  60  pm. 
To  find  the  possible  reasons  for  the  failure  of 
propagation  of  reaction,  experiments  were  per¬ 
formed  on  crystals  which  gradually  reduced  in 
thickness  and  width  from  sizes  greater  than  the 
critical  dimensions  mentioned  above.  A  typical 
sequence  showing  propagation  in  such  a  crystal 
is  shown  in  Fig.  5.  The  thickness  of  the  crystal 
under  the  platinum  wire  is  14  pm  and  its  width  is 
112  pm;  the  crystal  is  5.3  mm  long.  The  first  3 
frames  show  the  rapid  heating  of  the  wire.  Fast 
decomposition  starts  between  frames  3  and  4;  the 
propagation  velocity  as  measured  from  frames  4 
and  5  is  1000  m/sec.  In  frame  5  the  crystal 
seems  to  have  deformed  near  the  free  end.  This 
deformation  becomes  more  pronounced  in  the  next 
frame.  The  reaction  fails  at  P  where  the  crystal 
dimensions  are  0.08  x  0.017  mm2.  The  last  few 
frames  show  the  fragmentation  of  the  crystal.  In 
two  other  such  experiments  the  dimensions  of  the 
crystals  where  the  reaction  stopped  were  0.084  x 
0.17  mm2  ancj  0.072  x  0.017  mm^.  In  all  these 
experiments  the  crystals  used  were  geometrically 
'good',  and  each  was  about  5  mm  long.  After 
reaction  initiated  under  the  exploding  wire  in 
these  crystals,  it  propagated  for  about  3  psecs. 
During  this  time  the  stress  waves  travelling  at 
the  velocity  of  sound  would  have  reflected  as 
tension  waves  from  the  far  end.  It  is  possible 
that  the  interaction  of  these  reflected  waves  may 
have  helped  in  fracturing  the  crystal,  and  thus 


produced  conditions  under  which  the  propagation 
of  the  reaction  was  difficult. 

To  show  that  the  failure  of  propagation  in 
very  thin  needles  is  not  related  to  the  method  of 
initiation  (i.e.  exploding  wire),  experiments 
were  undertaken  with  very  thin  but  geometrically 
'good'  and  uniform  crystals:  initiation  of  reaction 
was  achieved  by  a  red  hot  wire  rather  than  by  an 
exploding  wire.  In  these  experiments  a  thin  3  - 
lead  azide  crystal  10.0  x  0.056  x  0.012  mm3  was 
placed  on  a  microscope  slide  so  that  about  0.5 
mm  of  its  length  projected  outside  the  slide. 
Another  slide  was  placed  on  the  first  with  spacers 
between  them.  The  crystal  was  ignited  on  the 
end  projecting  from  the  slides  by  touching  with  a 
red  hot,  gauge  30,  nichrome  wire.  However,  the 
whole  of  the  crystal  was  not  consumed.  In  fact, 
a  part  of  the  crystal  was  broken  into  many 
fragments  of  which  most  were  undecomposed. 

The  dimensions  of  the  fragments  were  measured 
and  the  results  of  two  such  experiments  are 
given  in  Table  II. 


TABLE  II 


Original  size 

Length  of 

Combined 

fragments 

lengths 

mm 

mm 

mm 

10.0x0.056x0.012 

3. 4, 1.4, 1.3 
1.2, 0.2, 0.2 

7.7 

7.1x0.062x0.012 

3. 9, 0.5, 0.4 

4.8 

It  is  obvious  that  the  explosion  could  have 
travelled  only  in  the  unrecovered  part  of  the 
crystals,  that  is,  the  original  length  minus  the 
combined  length  of  recovered  fragments.  If  we 
assume  that  fast  reaction  in  these  thin  crystals 
travelled  at  a  speed  of  1000  m/sec  then  in  both 
these  crystals  the  reaction  propagated  for  at 
most  2-3  psec.  During  this  time  the  stress  wave 
waves ,  produced  at  the  instant  of  initiation  of 
reaction,  could  not  have  reached  the  free  end  of 
the  crystals.  This  indicates  strongly  that  the 
failure  of  propagation  of  fast  reaction  in  very  thin 
crystals  is  most  likely  attributable  to  the  out¬ 
going  stress  waves,  produced  by  the  initiation  of 
reaction. 


Fig.  5.  A  typical  sequence  showing  the  failure  of  propagation  of  reaction  in  a  thin  tapered  3 -lead 
azide  crystal.  Frame  interval  1.0  psec. 
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HIGH  MAGNIFICATION  STUDIES 

The  examination  of  deflagrating  crystals  at 
high  magnification  showed  various  interesting 
features.  The  dimensions  of  the  3 -lead  azide 
crystal  shown  in  Fig.  6  are  0.291  x  0.034  x  7.1 
mm3,  but  only  a  2.75  mm  long  region  appears  in 
the  field  of  view.  The  platinum  wire  is  2.8  mm 
outside  the  frame  to  the  right.  The  whole  of  the 
crystal  including  the  exploding  wire  is  under 
water.  Frames  1-3  show  the  crystal  before  the 
wire  exploded.  About  3  psec  before  frame  11 
fast  reaction  was  initiated  in  the  crystal.  In 
frame  11  the  reaction  is  just  entering  the  field  of 
view  from  the  right  hand  side.  Many  cracks  can 
be  seen  ahead  of  the  flame,  but  no  fast  reaction 
initiates  at  these  cracks.  A  black  spot  at  P  can 
also  be  seen  but  it  does  not  appear  that  fast  de¬ 
composition  starts  here,  and  the  shape  of  the 
expanding  reaction  products  supports  this  view. 

It  is  difficult  to  find  in  these  pictures  the  points 
from  where  the  cracks  initiate.  (That  is,  whether 
from  the  surface  away  from  the  flame  or  at  the 
product  s/crystal  interface).  Frame  12  shows  that 
these  cracks  move  in  the  direction  of  propagation 
of  the  reaction.  Some  of  these  cracks  appear  to 
move  at  about  360  m/sec.  It  seems  that  in  the 
next  frame  the  flame  overtakes  the  cracks,  and 
then  continues  to  propagate  into  the  uncracked 
region.  The  velocity  of  propagation  as  measured 
from  frames  12,  13  and  14  is  900  m/sec. 

Another  point  of  interest  concerning  the 
mode  of  propagation  of  reaction  (see  frames  12- 
15)  is  that  as  the  reaction  progresses,  it  leaves 
behind  an  'object'  which  has  a  sharp  boundary 


and  whose  width  is  1.12  x  the  original  width  of 
the  crystal.  This  boundary  does  not  expand 
during  the  4-5  psec  after  frame  12,  it  is  not 
known  what  happens  to  it  afterwards  since  the 
products  of  decomposition  completely  cover  the 
field  of  view  and  nothing  remains  distinct  in  the 
later  frames.  It  appears  unlikely  that  this 
boundary  shows  the  partially  decomposed  crystal 
because  if  it  were  so,  we  would  have  observed 
its  further  decomposition  with  time.  It  appears 
to  be  completely  inert  and  it  is  possible  that  this 
boundary  is  due  to  lead  particles  produced  during 
the  decomposition  (c.f.  Fig.  2).  This  boundary 
starts  at  the  reaction  products/crystal  interface 
(frame  12).  These  observations  suggest  that  the 
decomposition  of  the  crystal  is  complete  very 
close  to  the  reaction  front. 

Examination  of  enlargements  of  frame  12 
revealed  no  evidence  for  permeation  of  gaseous 
products  through  the  cracks  and  it  thus  seems 
unlikely  that  this  process  is  important  here. 

DISCUSSION 

It  is  possible  from  these  experiments  to  draw 
a  number  of  conclusions.  It  has  been  shown  that 
in  thin  3  -lead  azide  crystals  the  velocity  of 
propagation  of  reaction  is  smaller  than  the 
velocity  of  the  longitudinal  stress  waves  in  these 
crystals.  The  reaction  process  is  therefore  a 
deflagration  and  not  a  detonation.  An  interesting 
consequence  of  this  is  that  the  stress  waves  can 
produce  fractures  in  the  crystal  ahead  of  the 
reaction  zone.  The  fracturing  of  deflagrating 
crystals  can  have  various  effects  on  the 
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subsequent  propagation  of  reaction.  In  very  thin 
crystals  reaction  does  not  propagate  below 
certain  critical  dimensions.  In  Fig.  4  there  was 
clear  experimental  evidence  that  a  fracture  formed 
ahead  of  the  flame  could  stop  reaction.  It  is 
suggested  that  the  failure  of  propagation  of 
reaction  in  very  thin  3  -lead  azide  crystals  is 
most  probably  because  of  the  formation  of 
fractures  ahead  of  the  flame  by  stress  waves 
caused  by  the  reaction.  The  heat  transfer  from 
the  reaction  zone  to  the  undecomposed  part  of  the 
crystal  across  the  crack  will  be  much  reduced. 
This  then  results  in  the  cessation  of  the  self 
sustaining  reaction. 

The  deflagration  velocity  increased  with  the 
thickness  of  the  crystal  (see  Table  II).  This  may 
be  explained  on  the  basis  of  thermal  losses  to 
the  surroundings.  The  increase  in  the  propagation 
speed  when  the  crystal  ambient  temperature  is 
increased  to  100°  C  supports  this. 

It  is  interesting  to  compare  our  measure¬ 
ments  with  those  of  Bowden  and  Mclaren  (6)  in 
compressed  sheets,  and  those  by  Strdmsoe  (8)  in 
single  crystals  (the  morphology  of  Strdmsoe's 
crystals  was  not  given).  Our  values  are  the 
lowest  for  almost  all  thicknesses.  The  velocity 
in  the  present  experiments  rises  gradually  with 
thickness,  but  for  thickness  in  the  range  215  — 
670pm  it  becomes  constant  and  this  value  is  in 
the  range  2500-2900  m/sec.  On  the  other  hand 
Strdmsoe  obtained  a  velocity  of  3300  m/sec  for  a 
crystal  332  pm  in  thickness  and  Bowden  and 
Mclaren  obtained  a  value  of  5500  m/sec  for  a  film 
thickness  of  500  pm.  Strdmsoe  attempted  to 
explain  his  experimental  results  on  the  theories 
of  Jones  (7)  and  Eyring  et  al.  (12),  but  did  not  get 
an  agreement  between  theory  and  experiment.  He 
suggested  that  the  mechanism  of  propagation  must 
take  into  account  the  formation  of  reaction  centres 
ahead  of  the  flame.  However,  it  should  be 
emphasized  that  the  Jones  and  Eyring  theories  can 
only  be  applied  to  those  cases  in  which  the  non¬ 
ideal  detonation  velocity  is  not  very  different 
from  the  ideal  detonation  velocity. 

The  fact  that  the  velocity  of  propagation  in 
our  experiments  seems  to  be  constant  for  crystals 
of  thickness  in  the  range  215-670  pm  does  not 
mean  that  this  is  an  ideal  detonation  velocity. 

The  experiments  with  water  confinement  showed 
that  relatively  weak  water  shocks  were  produced 
(3.5  and  1.3  kbars  for  670  and  280  pm  thick 
crystals  respectively).  This  suggests  that  the 
pressure  in  the  reaction  front  is  well  below  the 
shock  pressure  required  to  detonate  a  homo¬ 
geneous  single  crystal.  In  pressed  sheets  of 
lead  azide,  however,  shocks  of  the  order  of  a 
few  kbar  can  possibly  cause  initiation  of  reaction 


by  compressing  the  gas  spaces  present  in 
between  the  grains  and  in  this  manner  sustain 
fast  reaction.  A  different  mechanism  is  required 
to  explain  our  values. 

In  other  experiments  (9)  it  has  been  found 
that  the  velocity  of  longitudinal  stress  waves  in 
a  3  -lead  azide  is  in  the  range  1850-2450  m/sec. 
If  we  assume  that  it  is  approximately  the  same 
for  a -lead  azide  crystals,  then  a  reaction  speed 
of  2500-2900  m/sec  is  close  to  the  stress  wave 
speed  for  these  crystals. 

The  question  remains  as  to  how  deflagration 
in  single  crystals  of  lead  azide  travels  at  speeds 
in  the  range  1000  to  2900  m/sec.  Bowden  and 
Yoffe  (5)  proposed  that  in  single  crystals  such 
high  velocity  reactions  can  be  explained  if  shock 
waves  travelling  ahead  of  the  flame  front  produce 
centres  of  reaction  at  defects  and  voids  in  the 
crystals.  The  high  magnification  photographs 
(Fig.  6)  clearly  show  the  zone  just  ahead  of  the 
flame  front  of  deflagrating  crystals.  The  crystal 
breaks  and  the  cracks  move  at  high  speeds,  but 
there  is  no  initiation  of  reaction  at  these  cracks: 
neither  are  there  any  reaction  centres  ahead  of 
the  flame.  The  theory  of  fracturing  of  lead  azide 
giving  rise  to  initiation  of  fast  reaction  has  been 
put  forward  a  number  of  times  (13,  14).  The  work 
presented  here  shows  that  fracture  in  a  lead 
azide  crystal  does  not  cause  initiation  of  fast 
reaction.  In  recent  work  in  this  laboratory  (9) 
fracture  experiments  with  lead  azide,  silver 
azide,  and  P.E.T. N.  have  shown  that  fracture 
velocities  of  several  100  m/s  can  be  reached, 
and  extensive  mechanical  break-up  caused, 
without  initiation  of  fast  reaction  occurring. 

Many  investigators  believe  that  the  propagation 
of  a  low  velocity  detonation  in  liquids  takes 
place  by  the  formation  of  reaction  centres  ahead 
of  the  reaction  zone.  It  is  therefore  natural  to 
think  of  a  similar  mechanism  for  homogeneous 
single  crystals  (as  indeed  Bowden  and  Yoffe  (5) 
and  Strdmsoe  (8)  did).  However,  as  we  have 
shown  photographically,  such  reaction  centres 
do  not  exist  in  lead  azide  single  crystals 
sustaining  deflagration  up  to  at  least  2900  m/sec 
(the  limit  of  our  observations).  The  explosion 
of  a  crystal  of  lead  azide  results  in  the  formation 
of  reaction  products  and  the  emission  of  light. 

It  would  be  expected  that  if  the  products  of  re¬ 
action  take  part  in  the  mechanism  of  propagation 
of  reaction  and  if  in  some  way  (for  example,  by 
exploding  the  crystal  in  a  high  pressure  atmos¬ 
phere  or  confining  the  crystal  by  a  liquid)the 
products  of  explosion  are  confined  in  the  vicinity 
of  the  exploding  crystal  then  the  propagation  rate 
would  be  higher  than  when  the  products  are  not 
confined  (i.e.  when  exploding  in  air).  On  the 
other  hand,  our  observations  are  that  if  the 
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products  are  confined  by  water,  the  propagation 
rate  drops  (Table  I).  This  suggests  that  even  If 
active  nitrogen  and  free  radicals  are  present  as 
products  they  do  not  seem  to  play  a  significant 
role  In  the  propagation  of  the  fast  reaction. 
Although  light  can  bring  about  the  explosion  of 
lead  azide,  Courtney -Pratt  and  Rogers  (15) 
believe  that  the  light  produced  by  the  explosion 
of  lead  azide  is  insufficient  to  sustain  the  growth 
of  fast  reaction.  The  observation  shown  In  Fig. 

4  supports  this  because  If  light  was  sustaining 
the  fast  reaction  then  the  propagation  of  fast 
reaction  should  not  have  stopped  at  the  crack. 
Another  piece  of  evidence  Is  that  In  very  thin 
crystals  the  reaction  does  not  propagate  through 
the  whole  length. 

The  following  qualitative  model  for  the 
propagation  of  fast  decomposition  (speeds  up  to 
2900  m/sec)  of  single  crystals  of  lead  azide  Is 
now  proposed.  When  a  thin  wire  In  contact  with 
a  crystal  explodes,  the  part  of  the  crystal  In 
contact  with  the  wire  rapidly  heats  up  to  a 
sufficiently  high  temperature  for  thermal  reaction. 
In  a  short  time  after  Initiation  an  equilibrium 
temperature  Is  reached  on  the  undecomposed 
crystal/reactlon  products  Interface.  The  value 
of  this  temperature  will  depend  upon  the  rate  of 
production  of  heat  due  to  decomposition  and  the 
rate  of  loss  of  heat  to  the  surroundings.  It  is 
clear  that  the  value  of  this  Interface  temperature 
will  be  higher  for  a  thicker  crystal.  If  we 
consider  that  the  mechanism  of  decomposition  of 
the  crystal  at  these  high  temperatures  Is  the  same 
as  at  low  temperatures  (slow  decomposition 
regime),  then  evidently  the  propagation  of  fast 
decomposition  will  be  faster  In  thicker  crystals. 
This  Is  what  we  have  observed.  In  this  model, 
energy  Is  transmitted  from  decomposing  layers  to 
neighbouring  decomposed  layers  by  'conduction'. 
This  process  will  give  an  upper  limit  for  the 
velocity  of  propagation  since  there  Is  a  maximum 
speed  with  which  lattice  vibrations  of  a  crystal 
transport  energy.  The  value  of  this  maximum 
speed  is  the  speed  of  sound  In  the  lattice  and 
this  should  be  the  maximum  speed  for  propagation 
of  reaction  in  the  single  crystal.  Our 
observations  support  this  model. 

It  should  be  emphasized  here  that  the 
strength  of  the  shock  associated  with  the  fast 
decomposition  of  crystals  reacting  at  2500-2900 
m/sec  Is  only  a  few  kbar.  This  shock  Is  too 
small  to  alter  the  speed  of  lattice  waves 
appreciably. 

It  has  also  been  shown  that  the  Intensity  of 
the  shocks  produced  by  the  fast  decomposition 
also  Increases  with  the  diameter  of  the  crystal. 
When  the  diameter  of  the  crystal  Is  sufficiently 


large  to  produce  shocks  of  enough  strength  to  be 
able  to  compress  the  undecomposed  crystal  to 
the  temperature  required  for  the  Initiation  of  fast 
decomposition,  the  propagation  will  then  be  In 
the  regime  of  the  hydrodynamic  theory  of 
detonation.  The  propagation  velocity  will  then 
be  determined  by  this  theorv 
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A  coalescence  phenomenon  has  been  found  which  limits  the 
violence  of  explosive  burning  of  HMX  powder.  It  depends 
upon  the  surface  melting  of  crystals  and  is  related  to  a  pre¬ 
viously  reported  effect  which  limits  the  change  from 
quiescent  to  explosive  burning.  The  HMX  powder  was  burned 
as  a  column  in  a  tube  in  a  strand  burner.  A  gas  pressure 
differential  acted  on  the  column.  A  small  differential 
sufficed  to  cause  flame  to  penetrate  through  the  powder.  If 
the  absolute  pressure  was  above  a  certain  transition  value, 
the  powder  was  completely  consumed.  Below  this  pressure,  the 
powder  substantially  survived  the  first  passage  of  flame 
through  it  and  was  either  consumed  in  a  slow  afterburn  or  re¬ 
mained  as  a  congealed  residue.  It  is  concluded  that  this 
phenomenon  would  lead  to  there  being  a  much  greater  chance  of 
severe  explosion  in  a  (damaged)  explosive  charge,  if  the 
pressure  developed  during  the  initial  phases  of  some  reaction, 
reached  the  transition  pressure  of  the  local  solid  system  as 
it  then  existed. 


1 .0  INTRODUCTION 

Previous  work,  Ref.(l),  has  shown 
that,  under  conditions  of  constant 
pressure,  many  powdered  explosives  burn 
at  a  slow  steady  rate  provided  that  the 
ressure  is  below  some  critical  value 
the  "transition  pressure")  which  is  a 
characteristic  of  any  given  sample. 

Above  this  value  burning  occurs  very 
rapidly  by  a  process  of  penetration  of 
the  product  gases  into  the  mass  of  the 
powder.  These  two  regimes  were  shown  to 
arise  as  a  consequence  of  the  melting  of 
the  explosive  during  burning.  A  molten 
barrier  of  some  kind  forms  betv/een  the 
hot  product  gases  and  the  interstices  of 
the  powder,  and  the  burning  is  thus 
prevented  from  spreading  into  these  inter¬ 
stices.  Above  the  critical  value  of  the 
pressure,  the  barrier  ceases  to  be  effec¬ 
tive  and  so  the  burning  becomes  much  more 
rapid. 

This  molten  barrier  effect  is  im¬ 
portant  in  that  it  plays  a  part  in  making 
many  explosive  compounds  less  liable  to 
flare  up  explosively  when  inadvertently 
ignited.  These  compounds  are  therefore 


safer  to  handle  than  would  otherwise  be 
the  case,  and  so  more  suitable  for  use 
as  practical  explosives. 

A  high  level  of  safety  and  the  con¬ 
sequent  usability  of  explosive  substances 
is,  however,  not  only  dependent  upon 
their  possessing  (i)  a  low  tendency  to 
develop  an  explosion  when  relatively  un¬ 
confined,  but  also  upon  their  having  a 
second  property,  (ii;  the  characteristic 
that  any  such  explosion  would  be  of 
relatively  low  strength.  It  was  con¬ 
sidered  possible  that  the  molten  barrier 
phenomenon  might  have  a  bearing  on  this 
second  property  as  well  as  being  a  prin¬ 
cipal  cause  of  (i).  Thus  it  was  thought 
that  some  effect  related  to  the  molten 
barrier  phenomenon  might  influence  a  de- 
flagrative  explosion,  such  that  the 
strength  of  the  explosion  might  be  lower 
in  a  given  situation  than  would  otherwise 
have  been  the  case. 

The  present  work  was  carried  out  in 
order  to  investigate  this  possibility. 

A  rising  pressure  system  was  used  since 
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Pig.  1  -  Overpressure  tube  assembly  (poly  methyl  methacrylate) 


this  is  the  main  feature  which  distin¬ 
guishes  a  deflagrative  explosion  from  the 
previously  studied  (constant  pressure) 
system.  In  such  an  explosion  the 
pressure  rises,  of  course,  because  gas  is 
generated  faster  than  it  is  able  to  es¬ 
cape.  Under  these  conditions  a  pressure 
differential  may  act  across  the  region(s) 
of  melting.  The  constant  pressure  work 
provided  no  evidence  as  to  whether  an 
effective  molten  barrier  might  persist  in 
such  a  case.  Nor  did  it  indicate 
whether  some  related  melting  phenomenon 
would  occur  if  the  main  molten  barrier 
were  broken  down. 

This  paper  will  show  that  the  simple 
molten  barrier  has  relatively  little  ten¬ 
dency  to  persist  under  rising  pressure 
conditions,  but  will  also  show  that  there 
is  indeed  a  related  phenomenon  which 
occurs  under  these  conditions.  The 
latter  effect  will  be  seen  to  be  of  con¬ 
siderable  practical  significance. 


2.0  METHOD 

A  closed-bomb  method  was  used  and 
the  rising  pressure  conditions  were 
achieved  by  the  self-pressurisation  re¬ 
sulting  from  the  accumulation  of  combus¬ 
tion  product 8,  or  by  opening  a  valve  to 
a  large  volume  at  a  higher  pressure.  A 
fixed  amount  of  powdered  explosive  was 


contained  in  a  tube  assembly  which  was 
specially  designed  so  that  the  rising 
pressure  produced  a  pressure  differen¬ 
tial  down  the  powder  column.  Nitrogen 
was  used  to  pressurize  the  system 
initially,  and  burning  velocity  measure¬ 
ments  were  made  over  a  range  of  such 
pressures. 


3.0  EXPERIMENTAL  DETAILS 

The  essential  feature  of  the  method 
was  the  overpressure  tube  assembly  shown 
in  Pig.  1.  This  consisted  of  a  metha¬ 
crylate  (Perspex)  tube  which  contained 
the  explosive  powder  supported  on  a 
copper  gauze  cemented  into  its  lower  end. 
This  end  connected  via  a  tapered  joint 
to  a  relatively  large  (45  cc)  base  volume. 
The  tapered  joint  was  made  gas  tight  with 
silicone  grease  so  that  the  permeable 
powder  column  was  the  only  possible  entry 
path  to  the  base  volume.  The  whole 
assembly  was  placed  in  a  strand  burner 
and  slowly  pressurised  with  nitrogen  to 
the  initial  pressure,  PQ.  During  an 
experiment,  a  rising  pressure  was  pro¬ 
duced  in  the  burner  volume  and  so 
necessarily  produced  a  pressure  differen¬ 
tial  down  the  powder  column. 

Two  types  of  powder  were  used,  (i) 
a  carefully  sieved  104-124  U  fraction, 
referred  to  as  115  If  HMX,  (ii)  a  ball- 
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TABLE  1 

Transition  from  Normal  to  Convective  Burning  caused  by  a 
Self-generated  Pressure  Differential 

PQ  =  9.2  atm;  115  \i  HMX;  =  1  .04  g  cm-3 


AP 

(atm) 

At 

isolation 

Pinal 

~'0.7 

0.3 

1.7 

1.7 

Propagation  Velocity  (cm  sec-  ) 


Mean  distance  from  top  of  powder  column  (mm) 

1.5  4.5  7.5  10.5  13.5  16.5  19-5  22.5 


0.49 

0.45 


0.34 

0.37 


0.42 

0.46 


0.41  ' 
‘.42  8.6 


7.5 

8.3 


3.1 

5.0 


7.3 

19.0 


9.3 

36.7 


^  Position  of  change  from  smooth  to  wrinkled  appearance  on  tube, 
as  inspected  afterwards. 


TABLE  2 

Velocity  of  Convective  Burning  above  and  below  the  Transition  Pressure,  in 
the  presence  of  a  Self-generated  Pressure  Differential 

115  ^  HMX;  (?L  =  1  .04  g  cm-3 


Po 

(atm) 

AP(Final) 

(atm) 

Propagation  Velocity  (cm  sec 

-1) 

1.5 

Mean  distance  from  top  of  powder  column  (mm) 

4.5  7.5  10.5  13.5  16.5  19.5  22.5 

9.2 

2.0 

2.0  29 

16 

24 

57 

30 

48 

43 

38 

9.2 

2.4 

0.35  3.0 

23 

30 

11 

15 

12 

23 

27 

15.6 

3.4 

1.3  31 

12 

17 

31 

35 

32 

32 

33 

15*6 

3.4 

4.0 

18 

21 

23 

32 

35 

36 

41 

15.6 

3.7 

3.9  11 

15 

16 

14 

27 

34 

28 

37 

20.4 

3.4 

9.9  27 

44 

57 

57 

71 

65 

65 

65 

27.2 

4.1 

21 

42 

50 

51 

53 

68 

93 

93 

31.6 

4.1 

27 

54 

49 

55 

74 

77 

92 

94 

41.8 

4.8 

44 

73 

63 

64 

92 

94 

119 

158 

milled  powder  approximately  5  ^  average 
particle  diameter  and  referred  to  as  5  V 
HMX.  The  powder  was  pressed  incremen¬ 
tally  into  the  tube,  of  6  mm  bore  dia¬ 
meter,  to  a  height  of  24  mm  using  a 
simple  weighted  plunger.  Great  care  was 


exercised  to  avoid  disturbing  the  powder 
as  the  plunger  was  removed  after  each 
pressing,  notably  by  removing  the  latter 
slowly,  and  also  by  keeping  a  blocking- 
plug  in  the  volume  under  the  gauze  to 
avoid  air  being  sucked  up  through  the 
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powder.  The  gauze  at  the  lower  end  of 
the  tube  was  normally  'fine1  (300  BSS). 
However  for  the  very  high  overpressures 
used  with  5  \x  HMX,  a  stronger  (60  BSS) 
gauze  was  used,  with  a  1.5  nun  thickness 
pad  of  coarser  HMX  on  it.  This  gauze, 
with  full  powder  column,  was  tested 
using  high  overpressures  but  no  ignition. 

It  withstood  the  stress  and  HMX  was  not 
blown  through  it.  Each  overpressure 
tube  was  provided  with  blackened  scribe 
marks  at  3  mm  intervals  along  the  length, 
and  also  with  an  asbestos  constant-bore 
exit  nozzle  to  facilitate  reproducible 
product  gas  flow.  The  powder  was 
ignited  using  an  electrically  heated 
nichrome  wire  coiled  round  a  small  piece 
of  cordite  which  was  suspended  above  the 
powder.  For  the  115  V1  HMX  experiments, 
the  cordite  mass  was  constant  at  0.270  + 

.002  g. 

The  strand  burner  installation  has 
been  described  in  Ref.  (2).  The  strand 
burner  connected  via  a  wide  (**25 .4  mm) 
pipe  and  a  valve  to  a  much  larger  (reser¬ 
voir)  cylinder.  In  the  present  experi¬ 
ments  the  rising  pressure  was  produced 
from  accumulated  products,  either  by 
closing  the  valve  during  the  burning,  or 
with  the  valve  closed  for  the  whole  ex¬ 
periment.  Alternatively,  with  the  5  u 
HMX  powder  the  valve  could  be  opened 
during  the  burning  to  allow  pre-pressurised 
nitrogen  from  the  cylinder  to  enter  the 
strand  burner.  A  pressure  gauge  was 
attached  to  the  connecting  pipe  near  to 
the  burner  and  a  cine  film  was  taken  of 
its  reading.  The  response  time  of  the 
gauge  was  too  slow  to  follow  the  pressure 
rise  accurately.  However  a  reliable 
final  pressure  increment,  AP,  was  ob¬ 
tained  in  each  case  since  the  subsequent 
(cooling)  pressure  drop  was  relatively 
slow. 

High  speed  cine  films  (~2000  pps) 
were  taken  of  each  burning  column,  and 
velocities  were  measured  from  the  film. 

The  film  was  also  used  to  obtain  evidence 
regarding  possible  'afterburning'. 


4.0  RESULTS 

Using  115  V  powder,  a  self¬ 
gen  erated  overpressure  (i.e.  pressure 
rise  in  the  burner  in  excess  of  that  in 
the  base  volume)  was  allowed  to  arise 
whilst  steady  burning  was  in  progress  (see 
Table  1),  or  to  arise  from  the  first 
moment  of  ignition  (see  Table  2).  Table 
1  shows  that  the  burning  velocity  chan¬ 
ged  from  it 8  steady  value  of  about  0.4 
cn/sec,  to  about  twenty  times  this  value, 
when  the  overpressure  was  present. 

Table  2  shows  that,  with  an  overpressure 
generated  from  the  beginning,  these 
elevated  velocities  occurred  for  virtually 


the  whole  of  the  distance  burned,  and 
that  a  hundred-fold  velocity  enhancement 
may  be  produced,  (e.g.  the  first  result 
in  Table  2,  obtained  at  the  same  pressure 
as  in  Table  1 ) .  Burning  at  these  en¬ 
hanced  velocities  proceeds  by  a  convec¬ 
tive  mechanism.  Ref.  (l). 

Visual  inspection  of  the  metha¬ 
crylate  tube  after  an  experiment,  and 
also  study  of  the  cine  film  record, 
showed  that  the  powder  column  was  by  no 
means  always  completely  consumed  when 
the  flame  passed  along  it.  These  obser¬ 
vations  are  summarised  in  Table  3  and 
include  all  the  runs  of  Table  2.  They 
show  that,  below  about  22  atm  initial 
pressure,  much  of  the  HMX  was  uncon¬ 
sumed  after  the  convective  burning  had 
penetrated  right  along  the  powder 
column.  Moreover  the  powder  residue 
showed  all  the  evidence  of  having  been 
surface  melted  into  impenetrable  clumps. 

The  effect  of  initial  pressure  on 
the  propagation  velocity  may  be  seen 
more  clearly  from  a  graph  of  represen¬ 
tative  velocities  taken  from  (the  10.5  - 
19.5  mm  interval  of)  Table  2.  This  is 
presented  in  Figure  2.  It  shows  that 
the  velocity  increases  markedly  with 
initial  pressure  as  might  be  expected 
from  the  previous  constant  pressure 
work.  Ref.  (1).  However  it  can  be  seen 
that  the  results  are  very  much  more 
scattered  below  the  region  of  22  atm, 
than  above  it.  For  comparison.  Fig.  2 
also  shows  the  velocity  in  a  constant 
pressure  system  (Ref.  (1))  obtained  with 
the  same  particle  size  powder. 

Table  4  shows  results  obtained 
using  5  V1  powder  columns.  Convec¬ 
tive  burning  can  be  seen  to  have  been 
produced  (at^P  values  of  30  and  61.2  atm) 
despite  the  extreme  fineness  of  the 
powder.  It  should  be  noted  that  convec¬ 
tive  burning  of  this  powder  did  not 
occur  under  constant  pressure  conditions, 
even  at  3000  psi.  Ref.  (l). 

The  main  results  may  now  be  summa¬ 
rised: 

(a)  Convective  burning  in  the  convective 
burning  regime  occurs  with  a  greater 
velocity  when  a  pressure  differential  is 
imposed.  (Fig.  2). 

(b)  A  pressure  differential  can  cause 
burning  of  a  pov/der  to  occur  convectively 
when  the  absolute  pressure  is  in  the 
normal  burning  regime.  (Fig.  2;  Table  4). 

(c)  When  convective  burning  is  produced 
in  the  normal  burning  regime,  the  veloci¬ 
ties  are  not  very  reproducible.  (Fig.  2). 

(d)  Convective  velocities  in  the  normal 
burning  regime  are  at  a  general  level 
which  would  be  predicted  by  extrapolation 
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TABLE  3 

Evidence  of  ’Self-sealing'  Internal  Surface  in  Convectively 
Burning  HMX  Powder  (115 


Po 

(atm) 

AP  (Final) 

(atm) 

Observed  Details  of  'Residue' 

9.2 

2.0 

Considerable  congealed  HMX  with  narrow  central  passage  down 
to  gau^e. 

9.2 

2.4 

Cine  film  showed  considerable  residual  HMX  as  flame  spurted 
in  base  colume.  Then  HMX  seen  to  'afterburn'. 

9.2 

Cine  film  showed  'afterburning'  started  near  top  of  tube  after 
approx.  8  msec  delay.  It  appeared  to  propagate  upwards 

Whole  tube  then  propelled  upward  with  flame  streaming  from 
lower  end. 

15.6 

3.1 

Cine  film  showed  extensive  'afterburning'  in  tube.  Virtually 

no  final  HMX  residue. 

15.6 

3.4 

Cine  film  showed  approx.  90  msec  'afterburn'  (cf.  7 6  msec 
convective) . 

15.6 

3.7 

Cine  film  showed  approx.  90  msec  'afterburn'  (cf.  110  msec 
convective) . 

15.6 

— 

Considerable  congealed  HMX  in  lower  6  mm  of  tube  with  a  hole 
through  it.  No  'afterburning'  on  cine  film. 

15.6 

— 

Cine  film  showed  'afterburning'. 

20.4 

3.4 

Cine  film  showed  approx.  50  msec  'afterburning*  (cf.  40  msec 
convective) . 

27.2 

4.1 

31.6 

4.1 

y No  'afterburning'  on  cine  film. 
f  No  HMX  residue. 

41.8 

4.8 

J 

from  velocities  above  the  transition 
pressure*  (Fig.  2). 

(e)  Convective  burning  in  the  normal 
burning  regime,  consumes  the  powder  only 
partially,  (Table  3). 


5.0  DISCUSSION  OF  RESULTS 

At  initial  pressures  greater  than 
the  transition  pressure,  the  powder 
burned  rapidly  by  penetration  of  gases 
through  it,  as  was  to  be  expected  in  the 
convective  regime.  The  velocity  of 
propagation  was  however  much  greater 
than  in  the  corresponding  constant 
pressure  system,  due  to  the  driving 
action  of  the  pressure  differential,  see 
Fig.  2. 


In  those  cases  in  Fig.  2  where  the 
initial  pressure  was  below  the  transi¬ 
tion  pressure,  the  burning  still  spread 
rapidly,  i.e.  convectively,  through  the 
powder.  This  shows  that  the  molten 
barrier  which  would  form  in  a  constant 
pressure  system,  is  either  unable  to 
arise,  or  at  least  unable  to  persist,  in 
the  presence  of  a  small  pressure  differen¬ 
tial.  A  similar  conclusion  may  be  drawn 
from  the  experiments  with  5  \i  HMX  (Table 
4).  Here  no  more  than  30  atm  pressure 
differential  was  needed  to  ensure  convec¬ 
tive  burning  despite  the  fineness  of  the 
powder.  This  is  a  very  small  value  com¬ 
pared  to  those  involved  in  explosion 
processes. 

Convective  burning  also  occurred 
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Pig,  2  -  Mean  burning  velocity  in  115  u  HMX  powder 


even  where  steady  burning,  with  its  mol¬ 
ten  barrier,  had  been  well  established 
before  the  pressure  differential  was 
applied  (Table  1).  This  confirms  that  a 
molten  barrier  is  unable  to  persist  in 
the  presence  of  a  small  pressure 
differential  across  it. 

The  velocities  of  the  convective 
burning  observed  below  the  transition 
pressure,  apart  from  being  very  irrep- 
UP ducible,  were  such  as  might  have  been 
expected  by  extrapolation  from  the  ex¬ 
periments  above  the  transition  pressure. 
Any  participating  melting  effect  had 
therefore  not  slowed  down  the  overall 
speed  of  flame  penetration.  It  had 
merely  made  it  a  somewhat  erratic 
process.  However  the  important  obser¬ 
vation  was  that  the  passage  of  flame 
down  the  column  did  not  consume  the  bulk 


of  the  explosive  as  normally  occurs  in 
convective  burning  above  the  transition 
pressure.  The  explanation  appears  to 
be  clear.  Below  the  transition  pressure, 
the  melting  effect,  which  prevents 
burning  from  penetrating  into  the  inter¬ 
stices  of  the  powder  when  the  pressure 
is  constant,  likewise  prevents  burning 
from  penetrating  into  a  considerable 
fraction  of  the  interstices  when  the 
pressure  above  the  powder  is  rising.  In 
the  latter  case  the  pressure  differen¬ 
tial,  forces  burning  to  penetrate  through 
some  of  the  interstices,  presumably  the 
wider  ones,  and  so  through  the  bulk  of 
the  powder. 

6.0  DISCUSSION  OP  THE  COALESCENCE 
PHENOMENON 

The  microscopic  nature  of  these 
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TABLE  4 

Transition  from  Normal  to  Convective  Burning  caused  by  an 
(Externally)  Imposed  Pressure  Differential 

PQ  =  9.2  atm;  5  \  HMX;  =  1 .02  g  cm-3 


(Pinal) 

(atm) 

Propagation  Velocity  ( 

cm  sec"1 

') 

1.5 

Mean  distance  from  top  of  powder  column  (mm) 
4.5  7.5  10.5  13.5  16.5  19.5 

22.5 

1.0* 

.41 

.40 

.36 

.40 

.40 

.39 

.41 

.44 

U1 

.52 

.38 

.46 

.43 

.45 

.40 

.41 

.45 

4.1 

.59 

.40 

.50 

.48 

.52 

.56 

.50 

.50 

10.9 

.44 

.52 

.62 

.80 

1.7 

1.5 

1.7 

12.0 

* 

o 

. 

vjO 

.38 

.36 

.40 

.63 

.95 

2.7 

1.5 

.78 

11.6 

.52 

.45 

.76 

1.5 

.67 

1.7 

2.0 

2.3 

30.0 

.56 

1.0 

4.0 

7.5 

36 

61 

91 

176 

6l  .2 

.43 

.64 

.97 

13 

70 

106 

210 

210 

* 

Self-generat ed 


melting  effects  is  not  certain.  In  out¬ 
line,  however,  it  is  clear  that  below  the 
transition  pressure  individual  particles 
melt  on  their  surface  under  the  influence 
of  hot  product  gas,  and  tend  to  coalesce 
with  neighbouring  particles  before  bur¬ 
ning  can  penetrate  between  the  particles. 
Product  gas  will  nevertheless  be  forced 
through  the  corresponding  melt-filled 
pores  if  large  enough  pressure  differen¬ 
tials  act  across  them.  Burning  will 
then  penetrate  through  the  powder.  In 
the  latter  process  many  of  the  randomly 
distributed  regions  of  marginally  lower 
permeability  will  be  by-passed.  There 
will  then  be  little  or  no  tendency  for 
gas  to  pass  through  these  regions  and  so 
their  ( out  ermost )  part icl es  will  coalesce 
and  burn  as  melt-covered  clumps. 

In  the  absence  of  a  pressure  differen¬ 
tial,  this  coalescence  phenomenon  will 
lead  to  the  effectively  continuous  molten 
barrier  between  hot  gas  and  solid,  as 
seen  in  the  constant  pressure  case  (Ref.l). 
In  summary  therefore,  both  the  molten 
barrier  effect  at  constant  pressure,  and 
the  clumping  effect  under  a  rising 
pressure,  derive  from  the  same  coalescence 
phenomenon.  It  should  be  noted  that  the 
molten  . arrier  effect  was  found  with  RDX 
ar;  PETN  as  well  as  with  HMX  (Ref.  l),and 
that  the  above  discussion  is  therefore 


expected  to  apply  equally  to  these  or 
other  secondary  explosives. 


7.0  DISCUSSION  OF  GENERAL  CONCLUSIONS 


7.1  Important  Difference  Between  Primary 
and  Secondary  Explosives 

The  melting  of  a  secondary  explo¬ 
sive  during  burning  at  atmospheric,  or 
moderately  elevated  pressure,  can  now  be 
seen  to  have  two  important  effects. 
Firstly,  in  an  unconfined  system  such  as 
a  simple  pile  of  powder,  burning  is  con¬ 
strained  to  the  visible  outer  surface  of 
the  mass  and  so  the  reaction  is  quite 
slow  and  non-explosive.  Secondly,  in 
systems  where  some  confinement  is 
present,  the  burning,  although  probably 
penetrating  into  the  mass  of  the  powder, 
can  reach  only  a  limited  proportion  of 
the  surface  of  the  powder  and  hence  the 
gas  production  rate  is  significantly 
lower  than  it  would  otherwise  have  been. 
The  explosive  result  of  this  gas  pene¬ 
tration  is  therefore  very  much  reduced. 

These  two  effects  would  appear  to 
be  of  paramount  importance  in  deter¬ 
mining  that  a  substance  is  a  secondary 
explosive  rather  than  a  primary 
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(initiating)  explosive.  The  character¬ 
istic  of  the  latter  is,  of  course,  that 
ignition  will  rapidly  lead  to  detonation, 
even  when  relatively  unconfined.  This 
process  is  known  to  require  the  rapid 
development  of  large  pressures  which 
produce  shock  waves,  and  primary  explo¬ 
sives  almost  certainly  afford  this  rapid 
development  by  their  burning  over  a  very 
large  internal  surface  (Ref.  3)*  Such 
burning  is  possible  since  the  melting 
effects  described  above  cannot  operate 
to  any  extent  (if  at  all)  in  the  case  of 
conventional  primary  explosives,  these 
being  (usually)  higher  melting  substances 
which  do  not  have  much  (if  any)  molten 
material  involved  in  their  burning 
process.  By  contrast  secondary  explo¬ 
sives  are  usually  organic  substances  with 
which  the  melting  effects  are  to  be  ex¬ 
pected.  Typically  therefore  ignition 
will  lead  either  to  a  merely  quiescent 
burning,  or  to  an  explosion  of  greatly 
reduced  violence.  Consequently  shock 
waves  are  very  much  less  likely  to  arise 
and  so  detonation  does  not  normally 
develop. 

Secondary  explosives  can  however 
develop  detonation  if  the  conditions 
are  sufficiently  favourable.  The 
coalescence  phenomenon,  and  the  asso¬ 
ciated  transition  pressures,  are  likely 
to  be  relevant  in  this  context.  The 
subject  is  further  discussed  below. 


7.2  A  Controlling  Effect  in  Growth  to 
Det onat ion 

A  powder  of  uniform  particle  size 
(and  therefore  pore  size)  is  known  to 
have  a  fairly  well  defined  transition 
pressure  (Ref.  l).  An  ordinary 
powdered  explosive  should  be  similar  in 
this  respect,  although  it  is  possible 
that  a  range  of  transition  pressures 
might  more  accurately  characterise  such 
a  powder.  A  characterisation  of  this 
kind  should  apply  more  particularly  to 
crushed  or  otherwise  damaged  charges  of 
explosive  or  propellant,  since  in  such 
cases  a  system  of  cracks  and  fissures 
corresponding  to  (say)  one  transition 
pressure,  may  be  accompanied  by  regions 
of  more  extensively  crushed  material 
which  correspond  to  a  somewhat  different 
transition  pressure.  We  may  usefully 
discuss  the  behaviour  of  these  real 
systems  in  terms  of  their  transition 
pressure,  provided  that  the  term  is 
understood  in  the  above  sense. 

Thus,  consider  a  real  solid  explo¬ 
sive  system  having  some  (e.g.  damage-pro¬ 
duced)  internal  surface.  If  the 
pressure  developed  during  the  initial 
phases  of  some  reaction  in  this  explosive, 
reached  the  transition  pressure  of  the 


solid  material  as  it  then  existed  near  the 
reacting  region,  the  rate  of  pressure  rise 
would  suddenly  become  very  much  greater. 
This  might  well  be  insufficient  to 
generate  shock  waves  intense  enough  to 
lead  to  detonation  directly.  Neverthe¬ 
less  it  would  be  likely  to  have  the 
effect  of  opening  up  additional  internal 
surface  by  a  violent  crushing  action  on 
the  solid,  and  so  lead  to  a  still  more 
rapid  pressure  rise.  High  order  explo¬ 
sion,  or  detonation,  would  then  be  a 
distinct  possibility,  especially  if  the 
system  were  large. 

Stated  briefly:  the  coalescence 
phenomenon  is  expected  to  retard 
seriously  the  growth  of  explosion  in  a 
secondary  explosive,  and  this  retarda¬ 
tion  should  cease  to  operate  in  any 
region  of  the  solid  once  a  certain 
pressure,  characteristic  of  the  then 
existing  physical  state  of  that  region, 
has  been  reached. 
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EXPERIMENTAL  OBSERVATIONS  OF  INITIATION 


OF  PRIMARY  EXPLOSIVES  BY  A  HOT  WIRE 


Howard  S.  Leopold 

U.  S.  Naval  Ordnance  Laboratory,  White  Oak 
Silver  Spring,  Maryland 


A  technique  has  been  developed  for  sensing  the  initial  reac¬ 
tion  of  primary  explosives  initiated  with  a  hot  wire.  A 
light  pipe  situated  at  the  wire/explosive  interface  trans¬ 
mits  the  radiation  emitted  from  the  decomposing  explosive 
to  a  photomultiplier  detector  tube.  The  photomultiplier 
tube  output  can  then  be  correlated  with  the  electrical 
input  signal  that  heats  the  wire.  The  technique  has  been 
applied  to  the  examination  of  the  hot  wire  initiation  of 
styphnates  and  azides  when  the  wire  is  heated  by  a  capaci¬ 
tor  discharge.  When  the  emission  of  visible  light  is  used 
as  a  criterion  of  initiation,  both  styphnates  and  azides 
give  a  definite  signal.  When  an  infrared  sensitive  photo¬ 
multiplier  tube  is  used  as  the  detector,  non- propagating 
initiations  of  silver  azide  and  dextrinated  lead  azide  can 
be  detected.  The  technique  shows  that  initiations  can  occur 
not  only  during  the  wire  temperature  rise,  but  also  on  the 
cooling  curve  of  the  wire  well  after  the  maximum  wire 
temperature . 


INTRODUCTION 

The  time  interval  required  to  heat 
a  wire  in  contact  with  a  primary  explo¬ 
sive  to  a  condition  sufficient  to  cause 
fast  explosive  decomposition  is  referred 
to  by  such  terms  as  "initiation  lag  time" 
or  "ignition  delay  time".  Available 
experimental  techniques  for  determining 
the  initiation  or  ignition  lag  time  are 
limited.  For  example,  Mallory  and  Goss 
(1)  have  described  a  technique  for  meas¬ 
uring  the  ignition  time  when  using  a 
constant  current  input  to  the  wire  as 
the  electrical  activation  signal.  The 
wire  itself  is  used  as  the  sensing  element. 
On  ignition,  the  explosive  becomes  a 
source  of  heat  which  is  conducted  into 
the  wire.  This  heat  produces  a  rapid 
change  in  the  wire  resistance  as  evidenced 
by  the  voltage  drop  across  the  wire  and 
this  voltage  inflection  is  considered  as 
the  time  of  ignition.  Shaw  (2) ,  using  a 
capacitor  discharge  to  heat  a  detonator 
bridgewire  (colloidal  lead  azide  spot  on 
bridgewire)  noticed  a  current  inflection 
which  was  indicative  of  the  creation  of 
an  electrically  conductive  path  of  much 
lower  resistance  than  existed  through  the 
bridgewire.  The  beginning  of  the  current 


surge  correlated  well  with  the  total 
functioning  time  of  the  detonator  and 
hence  was  believed  to  be  indicative  of 
the  beginning  of  detonation  within  the 
detonator. 

A  technique  for  sensing  the  initi¬ 
ation  or  ignition  time  and  correlating 
this  time  with  the  electrical  input  sig¬ 
nal  to  the  wire  has  been  developed. 
Initial  experiments  were  performed  using 
a  capacitor  discharge  to  heat  the  wire. 

In  the  past,  a  capacitor  discharge  has 
proven  the  most  difficult  electrical 
signal  with  which  to  correlate.  The 
technique  is  also  readily  adaptable  to 
other  types  of  electrical  input  signals. 
Examples  of  possible  uses  of  the  tech¬ 
nique  include  studying  energy  coupling 
from  the  wire  to  the  explosive ,  making 
fundamental  studies  of  initiation,  study¬ 
ing  effects  of  particle  size  and  density 
upon  initiation  times,  and  checking 
assumptions  upon  which  theoretical  calcu¬ 
lations  are  based. 


EXPERIMENTAL 

Visible  region  and  infrared  detectors 
are  used  with  an  oscilloscope  to  detect. 
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amplify,  and  display  the  light  and  heat 
signals  emanating  from  the  wire  and  the 
explosive  when  a  firing  pulse  is  delivered 
to  the  wire.  A  light  pipe  situated  at 
the  wire/explosive  interface  is  used  to 
transmit  the  radiation  to  the  detector 
without  disturbance  of  the  explosive 
confinement.  The  essential  parts  of  the 
experimental  apparatus  are  as  follows: 

Firing  Circuit  -  The  firing  circuit 
is  a  simple  capacitor  discharge  circuit 
with  a  mercury  switch  and  can  be  consid¬ 
ered  to  be  a  series  RLC  circuit.  See 
figure  1.  A  coaxial  current  shunt  is 
inserted  in  the  circuit  to  measure  the 
current  waveform  to  the  bridgewire.  The 
circuit  parameters  are: 

C  =  1.0  microfarad 
R  =  0.32  ohm 
L  =  1.56  microhenries 
V  =  variable  (volts) 

The  circuit  before  insertion  of  the  , - 

bridgewire  is  underdamped  since  R  <  2  /L/C. 
The  bridgewire  used  in  this  investigation 
has  a  resistance  range  of  2. 5-4.0  ohms 
and  when  incorporated  into  the  circuit 
increases  the  resistance  to  a  minimum  of 
2.82  ohms.  Since  Rmin  >  2Jj/C  with  the 
bridgewire  inserted,  an  overdamped  cur¬ 
rent  pulse  is  delivered  to  the  bridgewire. 


C  -  CAPACITOR  -  1.0  MICROFARAD 
S  -  SWITCH  -  MERCURY 

L  -  CIRCUIT  INDUCTANCE  -  1 .56  MICROHENRIES 
R  -  CIRCUIT  RESISTANCE  -  0.31  OHM 
r'-  COAXIAL  CURRENT  SHUNT  -  0.010  OHM 
R^-  BRIDGEWIRE  -  2.5  TO  4  OHMS 


FIG.  I  FIRING  CIRCUIT 


Initiator  Plug  -  A  specially  pre¬ 
pared  standard  two  pin  phenolic  initiator 
plug  was  used  to  observe  the  initial 
reaction  of  the  explosive.  A  hole  was 
drilled  axially  through  the  initiator 
plug  between  the  two  pins  and  a  light 
pipe  was  potted  in  this  hole  with  trans¬ 
parent  epoxy  cement.  See  Figure  2.  The 
excess  cement  and  light  pipe  fibers  were 
trimmed  flush  on  the  plug  surface  with  a 
razor  blade  and  a  1-mil  diameter  nichrome 
wire  soldered  in  place.  An  aluminum 
charge  holder  to  contain  the  explosive 
material  was  then  force -fitted  on  the 
plug. 


PLUG  FACE 
BEFORE  LOADING 


LOADED 

INITIATOR 

PLUG 


FIG.  2  MODIFIED  INITIATOR  PLUG 


Light  Pipe  -  The  light  pipe  used  is 
flexible  16-fiber  "Crofon"  light  guide 
developed  by  E.  I.  DuPont  de  Nemours  & 

Co.,  Inc.  The  fibers  are  plastic  and 
transmit  wave  lengths  from  3100  to 
11,100  A.  The  outer  protective  jacket 
is  peeled  off  the  section  inserted  into 
the  initiator  plug  and  the  light  pipe 
views  practically  the  entire  bridgewire 
length  between  the  contact  pins.  The 
length  of  the  light  pipe  is  kept  as 
short  as  possible  in  the  experimental 
setup  (less  than  50  cm)  since  there  is 
a  9%  loss  of  light  each  30  cm. 

Detectors  -  The  radiation  transmitted 
by  the  light  pipe  is  detected  by  a  photo¬ 
multiplier  tube  with  a  high  frequency 
response.  An  RCA-931A  photomultiplier 
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tube  with  a  maximum  response  at  4000  A 
was  used  to  detect  in  the  visible  region 
and  an  RCA-7102  photomultiplier  tube  with 
a  maximum  response  at  8000  A  was  used  to 
detect  in  the  near  infrared  region.  The 
relative  quantum  efficiencies  and  responses 
of  the  two  detector  tubes  are  shown  in 
Figure  3.  The  RCA-7102  tube  has  a  spuri¬ 
ous  response  in  the  UV  region  which  can 
be  eliminated  by  the  use  of  sharp  cut 
yellow  or  red  filters. 


- - UV  (- - VISIBLE - -|  INFRARED 


FIG.  3  QUANTUM  EFFICIENCY  OF  DETECTOR  TUBES  AS  A  FUNCTION  OF  WAVELENGTH 


Recorder  -  A  Tektronix  555  dual¬ 
beam  oscilloscope  with  two  fast  rise 
Type  K  preamplifiers  was  used  to  observe 
the  current  and  photomultiplier  tube 
signals.  The  oscilloscope  is  triggered 
by  the  current  signals  and  the  photomulti¬ 
plier  tube  is  used  to  observe  the  light 
or  heat  emitted  at  the  bridgewire/explo- 
sive  interface,  (depending  upon  which 
tube  is  employed) •  A  block  diagram  of 
the  experimental  arrangement  is  shown 
in  Figure  4. 


EXPERIMENTAL  RESULTS 

Initial  exploratory  experiments 
were  performed  using  the  RCA-931A  photo¬ 
multiplier  tube  as  the  detector  with 
various  primary  explosives.  Shots  were 
first  made  using  capacitor  voltages  just 
over  the  50%  firing  voltage  of  the  test 
primary  explosive  and  then  at  higher 
voltages  to  determine  the  effect  upon 
initiation.  The  variation  of  firing 
response  with  voltage  for  the  test 
explosives  is  shown  in  Table  1. 


Dextrinated  Lead  Azide  -  Typical 
records  obtained  from  the  initiation  of 
milled  dextrinated  lead  azide  are  shown 
in  Figure  5.  Figures  5A  and  5B  show 
initiations  under  the  same  conditions 
when  the  capacitor  is  charged  to  66.1 
volts.  Figure  5A  shows  the  overdamped 
type  of  capacitor  discharge  with  the 
initiation  occurring  at  14.5  microseconds, 
close  to  the  completion  of  the  discharge. 

A  definite  light  signal  emitted  from  the 
explosive  as  detected  by  the  photomulti¬ 
plier  tube  is  used  as  the  criterion  of 
initiation.  Figure  5B  shows  a  faster 
initiation  occurring  at  4.7  microseconds 
with  the  same  charging  voltage.  A  small 
perturbation  of  the  current  pulse  can  be 
observed  approximately  0.5  microsecond 
after  initiation.  Figure  5C  shows  initi¬ 
ation  of  the  lead  azide  when  the  capacitor 
is  charged  to  150  volts.  Initiation 
occurs  at  2.0  microseconds  with  a  large 
perturbation  of  the  current  pulse  occur¬ 
ring  0.4  microsecond  after  initiation. 

The  current  perturbation  or  surge  is 
indicative  of  the  creation  of  an  elec¬ 
trically  conductive  path  of  much  lower 
resistance  than  had  existed  through  the 
bridgewire.  The  lower  resistance  value 
momentarily  underdamps  the  circuit. 
Measurements  on  12  shots  in  which  the 
lead  azide  affected  the  current  pulse 
showed  that  the  current  perturbation 
lagged  the  initiation  by  0.3  to  1.0 
microsecond.  It  can  readily  be  seen 
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TABLE  1 

CALCULATED  PERCENTILE  FIRING  VOLTAGES*  FOR  TEST 
PRIMARY  EXPLOSIVES  ** 


PERCENTILE 

FIRING 

BASIC  LEAD 
STYPHNATE 

NORMAL  LEAD 
STYPHNATE 

SILVER  AZIDE 

LEAD  AZIDE 

50% 

54.0  VOLTS 

56.1  VOLTS 

60.0  VOLTS 

63.8  VOLTS 

75% 

55.1  VOLTS 

57.4  VOLTS 

61.5  VOLTS 

66.1  VOLTS 

99.9% 

59.4  VOLTS 

62.2  VOLTS 

67.2  VOLTS 

74.6  VOLTS 

*  WITH  1  MICROFARAD  CAPACITOR. 

**  ALL  EXPLOSIVES  MILLED  AND  LOADED  AT  10,000  PSI  IN 
EXPERIMENTAL  INITIATOR  PLUG . 


that,  though  the  time  lag  variation  of 
the  perturbation  is  small,  large  percent¬ 
age  errors  can  evolve  in  comparison  to 
short  initiation  times  if  the  perturba¬ 
tion  is  used  as  an  indication  of  initia¬ 
tion  time  for  dextrinated  lead  azide. 

Silver  Azide  -  Typical  records 
obtained  for  the  initiation  of  silver 
azide  are  shown  in  Figure  6.  Figure  6A 
shows  initiation  occurring  at  26  micro¬ 
seconds,  well  after  completion  of  the 
current  pulse  to  the  wire.  Figure  6B 
shows  initiation  occurring  at  4.4  micro¬ 
seconds.  The  current  perturbation  occurs 
simultaneously  with  initiation.  Measure¬ 
ment  of  15  shots  in  which  silver  azide 
affected  the  current  pulse  all  show 
simultaneous  or  at  most  a  0.1  microsecond 
delay  in  the  development  of  the  under¬ 
damped  waveform  indicating  that  the 
perturbation  is  a  good  indication  of 
initiation  time  with  silver  azide.  The 
almost  immediate  effect  on  the  current 
waveform  with  silver  azide  indicates  the 
rapidity  with  which  ionization  occurs  in 
comparison  to  dextrinated  lead  azide. 

One  might  assume  from  the  prolonged 
effect  upon  the  current  waveform  that 
more  intense  ionization  also  occurs. 

Basic  Lead  Styphnate  -  Typical 
records  obtained  from  the  ignition  of 
basic  lead  styphnate  are  shown  in  Figure 
7.  Figure  7A  shows  ignition  when  the 
capacitor  is  charged  to  60.6  volts.  The 
basic  lead  styphnate  ignites  well  after 
cessation  of  the  current  pulse  with  an 


ignition  time  of  77  microseconds.  Much 
higher  voltages  (£  150  volts)  are 
necessary  to  effect  ignition  during  the 
current  pulse.  Figure  7B  shows  ignition 
when  the  capacitor  is  charged  to  200 
volts  (enough  energy  to  weakly  explode 
the  bridgewire) .  Very  little  distortion 
of  the  current  pulse  is  observed  when 
basic  lead  styphnate  is  ignited  during 
the  current  pulse.  This  is  expected, 
since  deflagration  produces  only  a  small 
amount  of  ionization  in  comparison  to 
detonation. 

Normal  Lead  Styphnate  -  Typical 
records  obtained  from  the ignition  of 
normal  lead  styphnate  are  shown  in 
Figure  8.  The  records  are  very  similar 
to  those  obtained  with  basic  lead  styph¬ 
nate.  Figure  8A  shows  ignition  well 
after  cessation  of  the  current  pulse  at 
63  microseconds.  The  capacitor  was 
charged  to  63.6  volts.  Figure  8B  shows 
an  ignition  near  the  end  of  the  current 
pulse  when  the  capacitor  was  charged  to 
100  volts.  No  effect  on  the  current 
pulse  is  seen  since  a  deflagration  of 
normal  lead  styphnate  typically  starts 
from  a  hot  or  weakly  exploded  wire. 

It  can  be  seen  from  these  typical 
records  that  the  technique  can  provide 
a  definite  indication  of  the  time  of 
initiation  (criterion-detection  of 
visible  light  emitted  by  the  explosive) . 
Even  deflagrating  type  reactions  give 
fairly  sharp  indications  of  ignition. 

One  of  the  more  interesting  observations 
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A 

CAPACITOR  CHARGE 
POTENTIAL  66.1  VOLTS 


B 

CAPACITOR  CHARGE 
POTENTIAL  -66.1  VOLTS 


SWEEP  SPEED  2/xSEC/DIV 
TIME 

FIG.  5  LEAD  AZIDE  RECORDS 


is  that  the  initiation  or  ignition  of 
the  explosive  can  occur  well  after  cessa¬ 
tion  of  the  energy  input  into  the  wire. 

To  determine  if  further  information 
could  be  obtained  about  the  induction 
period,  an  infrared  detector  (RCA-7102) 
was  substituted  for  the  RCA-931A 


A 

CAPACITOR  CHARGE 
POTENTIAL  61  .5  VOLTS 


SWEEP  SPEED  r  5  ^.SEC/DIV 
TIME 


B 

CAPACITOR  CHARGE 
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FIG.  6  SILVER  AZIDE  RECORDS 


photomultiplier  originally  employed. 

The  RCA-7102  is  not  as  sensitive  as  the 
RCA-931A  (see  Figure  3)  and  it  was  found 
that  a  capacitor  charge  voltage  of  at 
least  70  volts  was  necessary  to  observe 
the  heating  produced  in  the  bridgewire. 
Heating  of  the  bridgewire  while  attached 
to  initiator  plug  but  before  loading  of 
the  explosive  was  first  examined.  Oscil¬ 
lograms  were  made  using  four  different 
sweep  speeds  to  examine  the  bridgewire 
heating.  See  Figure  9.  With  the  experi¬ 
mental  conditions  used  and  at  the  fast 
sweep  speeds,  wire  heating  can  be  detected 
at  3  microseconds.  The  wire  reaches  its 
maximum  temperature  at  12  microseconds 
near  the  end  of  the  capacitor  discharge, 
remains  at  that  value  for  a  short  period, 
and  then  starts  the  comparatively  long 
cooling  cycle.  A  comparative  shot  run 
with  the  RCA-931A  tube  detects  no  radi¬ 
ation.  See  Figure  10. 
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Unfortunately,  the  sensitivity  level 
of  the  RCA-7102  is  usually  not  sufficient 
to  detect  the  wire  heating  at  voltages 
below  75  volts  when  explosive  is  loaded 
on  the  bridgewire.  Many  of  the  delayed 
initiations  occur  with  capacitor  poten¬ 
tials  well  below  75  volts  when  explosive 
is  loaded  on  the  bridgewire.  However, 
many  interesting  events  can  still  be 
observed.  Figure  11  shows  a  shot  in 
which  partial  initiation  of  silver  azide 
occurred,  but  which  failed  to  propagate. 
The  RCA-7102  is  not  sensitive  enough  to 
detect  wire  heating  at  the  energy  level 
employed.  However,  a  burst  of  heat  from 
the  silver  azide  is  observed  at  6.1 
microseconds  which  undergoes  an  exponen¬ 
tial  decay.  There  is  no  effect  upon 
the  current  waveform.  Similar  heat 
bursts  have  been  observed  with  dextri- 
nated  lead  azide  in  shots  which  failed 
to  propagate. 


All  test  shots  previously  described 
had  the  explosive  loaded  at  10,000  psi, 
a  value  often  used  in  loading  ordnance 
hardware.  It  has  been  observed  that  the 
energy  necessary  for  hot  wire  initiation 
of  lead  azide  increases  with  decreasing 
loading  pressure  (3).  At  a  loading 
pressure  of  2,500  psi,  the  increased 
energy  necessary  for  initiation  is 
sufficient  to  show  wire  heating  and  yet 
still  produce  delayed  initiations.  See 
Figure  12  which  shows  the  initiation  of 
lead  azide  occurring  on  the  cooling 
curve  well  after  cessation  of  the  capa¬ 
citor  discharge. 


DISCUSSION 

As  can  be  seen  by  the  oscillogram 
records,  the  light  pipe  technique  using 
either  the  RCA-931A  or  the  RCA-7102 
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FIG.  7  BASIC  LEAD  STYPHNATE  RECORDS 


FIG.  8  NORMAL  LEAD  STYPHNATE  RECORDS 


267 


Leopold 


SWEEP  SPEED -5/iSEC/DIV  SWEEP  SPEED  -  200n SEC /DIV 


FIG.  9  HEATING  OF  BARE  BRIDGEWIRE 


CAPACITOR  CHARGE  POTENTIAL  -  70  VOLTS 


RCA-931 A  TUBE  (VISIBLE)  RCA-7102  TUBE  (INFRARED) 

SWEEP  SPEED  =  2^SEC/DIV 

TIME 


FIG.  10  COMPARISON  OF  DETECTOR  TUBE  RESPONSES  TO  SENSE  BARE  BRIDGEWIRE  HEATING 
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FIG.  11  RCA-7102  DETECTOR  TUBE  RECORD  SHOWING 
PARTIAL  INITIATION  OF  SILVER  AZIDE 


FIG.  12  RCA-7102  DETECTOR  TUBE  RECORD  SHOWING 

INITIATION  OF  LEAD  AZIDE  ON  COOLING  CURVE 


photomultiplier  tubes  as  detectors  can 
successfully  sense  the  initial  reaction 
of  primary  explosives  initiated  by  hot 
wires.  Examination  of  the  hot  wire 
sensitivity  of  explosives  in  the  past 
has  usually  been  confined  to  a  determina¬ 
tion  of  energy  levels  such  as  the  "50% 
firing  level"  or  the  "99.9%  firing  level". 
The  light  pipe  technique  can  prove  a 
useful  adjunct  for  examining  the  time  of 
reaction  at  the  various  energy  levels. 

Theoretical  calculations  for  hot 
wire  initiations  are  frequently  based  on 
the  assumption  that  the  explosive  is 
initiated  during  the  period  when  the 
wire  is  being  heated.  Figure  12  with 
the  infrared  detection  tube  definitely 
proves  that  initiation  can  occur  on  the 
cooling  curves.  One  can  also  surmise 
from  the  exploratory  shots  with  the 
styphnates  that  the  observed  delayed 
ignitions  can  occur  only  on  the  cooling 
curve. 


Occasionally,  one  uncovers  reports 
where  the  investigator,  on  examining 
EED 1 s  that  failed,  is  surprised  to  find 
"charred  azide"  next  to  the  bridgewire. 
It  can  be  seen  in  Figure  11,  and  has 
been  observed  in  other  shots,  that  both 
silver  and  dextrinated  lead  azide  can 
partially  react  producing  small  heat 
bursts  without  propagation  occurring. 

One  of  the  exploratory  oscillograms 
obtained  with  silver  azide  showed  two 
of  these  bursts  occurring  before  a  pro¬ 
pagating  initiation  started.  A  definite 
time  interval  was  observed  between  each 
event.  See  Figure  13.  The  propagating 
initiation  was  missed  because  of  the 


TIME 


SILVER  AZIDE 

SWEEP  SPEED  =  2/xSEC/DIV 

FIG.  13  RCA-7102  DETECTOR  TUBE  RECORD  SHOWING 
PRE  INITIATION  HEAT  BURSTS 


fast  sweep  speed  used  for  this  record 
but  can  be  said  to  occur  at  least  7 
microseconds  after  the  second  observed 
heat  burst. 

In  the  experimental  system  used, 
the  bridgewire  usually  remains  intact 
when  voltages  of  less  than  90  volts  are 
used  for  initiation.  Disruption  of  the 
bridgewire  occurs  when  the  initiator 
plug  is  destroyed  by  the  explosive. 
Under  these  conditions  when  initiation 
occurs  during  the  electrical  signal 
input,  the  current  perturbation  caused 
by  intense  ionization  in  the  vicinity 
of  the  bridgewire  will  provide  a  good 
indication  of  the  time  of  initiation  of 
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silver  azide  and  only  a  fair  indication 
of  the  time  of  initiation  of  dextrinated 
lead  azide. 
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THERMAL  DECOMPOSITION  OF  HIGH  EXPLOSIVES 


AT  STATIC  PRESSURES  10-50  KILOBARS 


E.  L.  Lee,  R.  H.  Sanborn,  and  H.  D.  Stromberg 
Lawrence  Radiation  Laboratory,  University  of  California 
Livermore,  California  94550 


We  have  measured  the  time  to  explosion  of  five  high  explosives  (TNT, 
PETN,  HMX,  nitromethane,  and  2, 2-dinitropropane)  under  static  pres¬ 
sures  up  to  50  kbar  at  various  temperatures.  The  behavior  of  PETN 
and  HMX  indicates  the  suppression  of  gaseous  intermediates  by  the 
high  pressure  and  a  corresponding  reduction  in  the  rate  of  decomposi¬ 
tion.  This  is  supported  by  observation  that  pressure  does  not  affect 
TNT  decomposition  where  it  is  known  that  the  formation  of  solid  inter¬ 
mediates  is  the  important  step.  Nitromethane,  on  the  other  hand,  ex¬ 
hibits  an  increase  in  rate  with  increase  in  pressure.  Measurements  of 
the  infrared  spectra  of  nitromethane  at  pressures  up  to  50  kbar  reveal 
increasing  intensity  of  the  methyl  group  vibrations  and  a  consequent 
shift  in  dipole  moment  related  to  associations  in  the  liquid  phase.  An¬ 
other  nitro  aliphatic  with  a  different  type  of  structure,  2, 2-dinitro¬ 
propane,  exhibits  a  "normal"  decrease  in  rate  at  high  pressure. 


INTRODUCTION 

Although  some  work  has  been  published  on 
the  effect  of  pressure  on  high  explosive  decom- 
sition  [l],  most  papers  dealing  with  thermal 
decomposition  have  neglected  such  effects. 
Experiments  under  shock  conditions  or  "heav¬ 
ily"  confined  static  experiments  could  be 
strongly  influenced  by  such  effects.  Neverthe¬ 
less,  theoretical  treatments  of  both  static  and 
dynamic  experiments  have  generally  assumed 
first  order  Arrhenius  kinetics  independent  of 
pressure. 

We  have  developed  techniques  for  measuring 
time  to  explosion  under  very  high  pressure 
static  loading,  and  have  examined  four  major 
classes  of  homogeneous  high  explosives:  an 
aliphatic  nitrate  ester,  a  cyclic  nitramine,  an 
aromatic  nitro  compound,  and  two  aliphatic 
nitro  compounds.  (See  Table  1.)  Our  exper¬ 
iments  reveal  a  significant  pressure  depend¬ 
ence  in  all  but  one  of  these  five  representative 
explosives  (TNT).  This  work,  and  that  re¬ 
ported  by  others,  casts  doubt  on  the  applica¬ 
bility  of  first  order  kinetics  [  2,  31  . 

We  have  also  applied  high  pressure  infrareo 
techniques  to  study  nif ^methane  whose  decom- 
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position  oenavior  is  strongly  affected  by  pres¬ 
sure.  Although  the  results  do  not  resolve  the 
decomposition  mechanism,  they  do  provide  im¬ 
portant  information. 


EXPERIMENTAL 

Time  to  Explosions  Measurement 

In  order  to  contain  both  liquid  and  solid  high 
explosives  under  extreme  pressure,  we  devel¬ 
oped  a  sample  container  machined  out  of  gold. 
The  experimental  configuration  is  shown  in 
Fig.  1.  When  placed  in  the  high  pressure 
heater  and  compressed,  the  container  forms  a 
seal  effectively  containing  liquids  and  even  pre¬ 
venting  the  escape  of  gases  as  long  as  the  gas 
pressure  is  lower  than  the  applied  pressure. 

We  observed  a  "pressure  cooker"  effect  on 
most  of  our  runs;  that  is,  the  capsule  retained 
nearly  its  original  shape  even  though  the  solid 
or  liquid  high  explosive  within  decomposed, 
producing  gases  in  the  sample  container. 

Methods  for  measuring  pressure  are  de¬ 
scribed  extensively  in  the  literature  [4].  We 
use  the  resistance  change  of  Bi,  Yb,  and  Ba  at 
their  phase  transitions  (Fig.  2)  for  pressure 
calibration  of  the  system.  The  temperature  is 
determined  by  measuring  the  power  input  to  the 
heater.  Calibration  of  the  power  input  mea¬ 
surement  (Fig.  3)  is  accomplished  by  placing  a 
Mo- Re  thermocouple  in  the  sample  container 
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TABLE  1 

High  Explosives  Examined 


Explosive 

Formula 

Source, 

specifications, 

purity 

PETN 

H„C  — O  — NO_ 

2  1  2 

N0r-0-H„C— C— CH«— 0-N0_ 

2  2  |  2  2 

h2c  -o-no2 

Trojan  Powder  Co. 

Mil  Spec  387 
mp  140.0  °C 

HMX 

no2  h2 

V  >-c'x  .no2 

V  2 

NO^  XC — X|H2 
/  \ 
h2  no2 

Recrystallized 
99.9%  HMX 

TNT 

<fH3 

°2N'|^^N02 

1 

no2 

Lone  Star 
Ordnance  Co. 
Flake  type  I 

Mil  Spec 
MIL-T-248A 
mp  80.2  °C 

Nitrome  thane 

Normal  form  gci-formQ^ 

HgC  -N02  H2C  =  N—  O 

Commercial 
Solvents  Corp. 

2 , 2  -dinitropropane 

N°2 

H,C  —  C— CH- 
3  |  3 

no2 

mp  53  °C 

Fig.  1  -  Experimental  configuration  for 
high  pressure  decomposition 

through  a  special  die  with  a  small  hole  in  its 
center.  We  also  have  placed  materials  with 
known  melting  points  in  the  sample  area.  The 
two  methods  correspond  to  within  15°C.  We 
are  unable  to  fix  the  temperature/power  cali¬ 
bration  more  precisely  since,  apparently,  the 


Fig.  2  -  Pressure  calibration  data 

condition  of  the  heater  varies  slightly  from 
one  run  to  the  next.  Nevertheless,  the 
reproducibility  is  such  that  with  measure¬ 
ments  at  extreme  pressure  values  we  can 
unequivocally  distinguish  the  pressure 
dependence. 
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In  a  typical  run,  the  sample  container  is 
pressurized  to  either  10  or  50  kbar,  and  power 
is  applied  in  a  single  step.  The  temperature 
external  to  the  heater  is  measured  by  the 
Mo- Re  thermocouple,  whose  output  is  read  by 
a  recorder.  When  the  sample  explodes,  a 
sharp  rise  in  temperature  registers  the  time  to 
explosion,  as  shown  in  a  sample  run  for  PETN 
(Fig.  4). 


High  Pressure  Infrared  Studies 

We  used  a  diamond  high-pressure  IR  cell 
(High  Pressure  Diamond  Optics)  with  a  range 
to  50  kbar  for  an  infrared  studies.  A  series  of 
nickel  gaskets  5,  1,  and  0.35  mil  thick,  with  a 
0.015-in.-diam  hole,  was  employed  to  contain 
liquid  samples  between  the  diamond  anvils. 
MCB  spectroquality  nitromethane  and  nitro- 
ethane  were  used  without  further  purification. 

The  cell  was  loaded  by  partially  forming  the 
gasket  at  low  pressure,  flooding  the  gasket  and 
hole  with  the  sample  and,  after  reinsertion  of 
the  large  anvil,  quickly  taking  the  cell  to 
40  kbar;  nitromethane  remains  liquid  at  this 
pressure.  A  low  power  microscope  was  used 
to  make  sure  that  no  bubbles  were  present  and 
the  gasket  material  had  not  extruded  into  the 
hole.  The  loaded  cell  was  placed  in  a  4X  beam 
condenser  mounted  in  a  Beckman  IR-9  infrared 
spectrophotometer. 

Since  the  light  flux  through  the  high  pres¬ 
sure  cell  was  extremely  small,  the  reference 
beam  had  to  be  severely  attenuated,  and  wide 
slits  and  high  gain  had  to  be  used.  The  result¬ 
ing  resolution  was  from  5  to  9  cm"1. 


The  diamonds  are  quite  transparent  from 
1700  to  400  cm”1,  but  have  moderate  absorp¬ 
tion  from  4000  to  2600  cm’1  and  strong  ab¬ 
sorption  between  these  two  regions.  It  was 
found  that  the  background  diamond  absorption 
could  be  adequately  subtracted  out,  in  the  high 
frequency  region. 


RESULTS  AND  DISCUSSION 


In  Figs.  5  through  9  we  show  the  times  to 
explosion  on  an  Arrhenius  plot  for  the  five  high 
explosives  listed  in  Table  1.  Work  by  Zinn 
and  Rogers  [5]  and  Myers  [6]  on  PETN,  HMX, 
and  TNT  at  much  lower  containment  pressure 
but  in  similar  geometry  exhibits  the  same 
slope  as  our  data  at  10  and  50  kbar.  Moreover, 
their  data  are  consistent  with  the  trend  in 
pressure  behavior  we  find  for  PETN  and  HMX. 
Also,  for  TNT,  where  the  10-  and  50-kbar 
curves  coincide,  the  lower  pressure  data  of 
Zinn  and  Rogers  likewise  coincides.  We  have 
interpreted  this  behavior  to  mean  that  for 
PETN  and  HMX  a  rate- controlling  step  involv¬ 
ing  the  formation  of  gaseous  products  can  be 
suppressed  by  applying  high  pressure.  It  fol- 


Fig.  3  -  Power  /temperature  calibration  data 


Fig.  4  -  Thermocouple  record  of  thermal  de¬ 
composition  of  PETN  at  50  kbar 


Fig.  5  -  Time  to  explosion  for  PETN 


lows  that  for  TNT  the  rate-controlling  step 
does  not  involve  gaseous  products.  Careful 
decomposition  studies  by  Dacons,  Adolph,  and 
Kamlet  [2]  have  demonstrated  that  the  inter¬ 
mediate  products  are  composed  of  a  mixture 
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Fig.  6  -  Time  to  explosion  for  HMX 


Fig.  t  -  Time  to  explosion  for  TNT 


Fig.  8  -  Time  to  explosion  for  nitromethane 


Fig.  9  -  Time  to  explosion  for  2,2-dinitropropane 


of  various  aromatic  compounds  plus  a  ’’coke" 
which  apparently  has  some  catalytic  properties. 
Very  little  gaseous  material  was  found.  Nitro¬ 
methane  is  an  exception  to  this  "normal"  be¬ 
havior  of  high  explosives.  As  can  be  seen  in 
Fig.  6,  the  pressure  dependence  of  nitro¬ 
methane  is  the  reverse  of  HMX  and  PETN  and 
also  the  reverse  of  2,2-dinitropropane.  How¬ 
ever,  just  as  for  the  other  explosives  mea¬ 
sured,  no  change  in  slope  is  evident  in  going 
from  10  to  50  kbar.  The  slopes  of  the  curves 
for  these  explosives  are  apparently  independent 
of  pressure.  This  implies  that  the  AE  (activa¬ 
tion  energy)  and  therefore  the  reaction  mecha 
nism  may  very  well  be  unaffected  by  pressure. 
We  have  advanced  a  hypothesis  to  explain  the 
behavior  of  nitromethane,  but  our  own  confirm¬ 
atory  experiments  force  us  to  leave  the  question 
open. 

Nitromethane  has  an  aci-form  also  known  as 
nit.ronic  acid* 

oH 

HgC  -  N02  ^  H?C  =  Nq  . 

It  is  known  that  the  addition  of  amines  which 
promote  the  aci-form  sensitizes  nitro¬ 
methane  [7,8],  It  is  also  known  that  nitro¬ 
methane  is  highly  associated  in  solution  [9],  As 
mentioned  above,  our  experiments  indicate  that 
the  mechanism  of  reaction  does  not  change 
since  the  slopes  of  the  curves  are  not  altered 
by  pressure.  The  rate  is  evidently  increased 
through  the  formation  of  larger  concentrations 
of  the  rate-controlling  species.  Two  experi¬ 
ments  were  performed  to  see  whether  the  rate¬ 
controlling  species  might  be  the  aci-form  of 
nitromethane. 

Because  of  its  structure,  2,2-dinitropropane 
does  not  possess  an  aci-form.  Therefore,  its 
behavior  should  b$  "normal"  even  though  it  is 
in  the  same  general  class  as  nitromethane.  Its 
behavior  was  in  fact  found  to  be  "normal,"  as 
illustrated  in  Fig.  9. 

Infrared  spectra  of  nitromethane  at  high 
pressure  were  taken  to  determine  whether 
changes  in  spectra  corresponding  to  the  N-O  or 
CH  frequencies  would  confirm  our  notion  about 
the  chemical  nature  of  nitromethane  at  high 
pressure.  Figure  10  shows  one  such  spectrum, 
of  liquid  nitromethane  with  a  5-mil  nickel  gas¬ 
ket  at  high  and  low  pressures  in  the  region 
4000  to  2600  cm"1.  The  three  main  infrared 
bands  in  the  low  pressure  spectrum  are  the 
asymmetric  methyl  stretch  at  3050  cm-1,  the 
symmetric  methyl  stretch  at  2960  cm"1,  and 
the  overtone  of  the  symmetric  methyl  deforma¬ 
tion  at  2805  cm"1.  The  application  of  high 
pressure  is  seen  to  shift  all  three  bands  to 
higher  frequencies,  indicating  a  shortening  of 
the  C-H  bonds.  The  intensity  changes  are  not 
dramatic,  but  there  appears  to  be  increased 
absorption  in  the  region  above  3000  cm"1. 
Whether  or  not 'part  of  this  absorption  is  in  fact 
caused  by  the  presence  of  some  of  the  aci-form 
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of  nitromethane  cannot  be  determined  from  uns 
region.  Hydrogen  bonding  between  the  methyl 
group  of  one  molecule  and  a  nitro  group  from 
another  is  a  second  explanation.  That  there  is 
hydrogen  bonding  is  shown  by  the  increased 
intensity  of  the  asymmetric  methyl  stretch 
relative  to  the  symmetric  stretch  at  the  higher 
pressure.  This  band  is  very  weak  in  the  gas 
phase  spectrum  but  there  the  rotational  lines 
are  spread  out  by  the  Coriolis  effect 

fnc  lower  frequency  range  of  interest  is 
shown  in  Fig.  11  for  the  low  and  high  pres¬ 
sures,  respectively,  using  a  0.35-mil  nickel 
gasket.  Table  2  lists  the  assignments  for  the 
two  spectra.  The  weak  band  at  1430  cm"1  in 
the  low  pressure  spectrum  is  not  resolved  at 
high  pressure,  but  it  should  be  shifted  simi¬ 
larly  to  the  other  bands.  The  two  nitro  bands 
are  shifted  higher  by  high  pressure  but  undergo 
little  change  in  intensity.  The  methyl  bending 
vibrational  (MBV)  bands,  however,  are 
strongly  influenced  by  the  application  of  high 
pressure,  becoming  much  more  intense  and 
shifting  22  cm"1  to  higher  frequencies.  No 
new  features  are  observed  in  the  spectrum  at 
high  pressure  that  could  be  ascribed  to  the  aci- 
form  of  nitromethane.  The  observed  shift  to 
higher  frequencies  is  caused  by  shorter  C-H 
bonds  at  high  pressure,  but  the  increased  in¬ 
tensity  results  from  stronger  hydrogen  bonds. 
The  region  from  1000  to  500  cm”1  produced 
some  minor  shifts  in  frequency  and  changes  in 
intensity,  but  no  new  features  at  high  pressure. 

Changes  in  the  infrared  spectrum  of  liquid 
nitromethane  produced  by  the  application  of 
high  pressure  can  be  explained  adequately  by 
the  formation  of  stronger  hydrogen  bonds  be¬ 
tween  the  methyl  group  and  neighboring  nitro 
groups,  and  by  a  shortening  of  bond  lengths. 
Spectra  for  nitroethane  do  not  exhibit  intensity 
increase  in  the  MBV  band  under  high  pressure. 
We  have  not  examined  2, 2-dinitropropane. 

It  is  evident  that  nitromethane  exhibits 
intramolecular  and  intermolecular  effects  (not 
necessary  isomerism)  at  high  pressure. 
Further  studies  will  be  required  before  any 


TABLE  2 

Infrared  Spectrum  of  Nitromethane  from 
1700  to  1000  cm-1 


Infrared  Band  (cm-1) 

Low 

Pressure 

High 

Pressure 

Assignment 

1568 

1583 

Asymmetric  NO2 
stretch 

1430 

? 

Asymmetric  CH3 
deformation 

1408 

1430 

Symmetric  CH^ 
deformation 

1090 

1112 

CHg  rock 

rig.  10  -  Nitrometnane  infrared  spectra 
(4000  to  2600  cm-1) 


Fig.  11  -  Nitromethane  mirared  spectra 
(1700  to  1000  cm'1) 


conclusions  can  be  drawn  about  the  decompo¬ 
sition  mechanism  of  nitromethane. 

Quantitative  measurement  of  the  time  to  ex¬ 
plosion  dependence  on  pressure  has  been  se¬ 
verely  limited  by  the  precision  of  our  data.  We 
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Fig.  12  -  Decomposition  of  PETN  at  high 
pressure 


Fig.  13  -  Rate  dependence  on  pressure  for 
PETN 


carried  out  an  extensive  series  of  runs  on 
PETN  in  attempting  to  establish  the  pressure 
and  temperature  dependence.  Measurements 
were  made  at  1,  7,  and  50  kbar.  The  trend  of 
our  data  is  illustrated  in  Fig.  12,  where  lines 
are  drawn  to  aid  in  analysis  of  the  findings. 

The  curves,  including  that  for  Myers*  data,  are 
roughly  parallel. 

Another  series  was  run  at  a  single  power 
setting  (230  W)  to  measure  the  pressure  de¬ 
pendence  alone.  The  combined  results  are 
shown  in  Fig.  13. 

At  any  given  temperature,  the  dependence 
can  be  expressed  as 

‘exp  “  C(T)pN' 


C(T)  =  Ae 

where  2.0  >  N  >  1.5.  Thus  it  seems  likely  that 
the  reactions  are  higher  than  first  order.  An 
alternative  explanation  is  that  the  decomposi¬ 
tion  is  diffusion-controlled  and  that  pressure 
slows  the  diffusion  process.  If  the  reaction 
process  were  diffusion- controlled,  we  would 
expect  a  dependence  of  the  form  [10] 


l/t  ~D  =  A(T)e'bP 
1  exp 

where  D  is  the  diffusion  constant.  However,  we 
find  that  this  expression  does  not  describe  the 
results  in  Fig.  13.  Thus  it  seems  most  likely 
that  reversible  reactions  yielding  gaseous 
intermediates  are  rate- controlling  at  least  for 
PETN,  HMX,  and  2,2-dinitropropane. 


CONCLUSION 

The  information  we  have  obtained  in  con¬ 
fined  systems  under  measured  pressures  has 
pointed  out  some  important  features  in  the 
thermal  decomposition  of  high  explosives,  the 
most  important  being  the  possibility  of  either 
decreasing  or  enhancing  the  rate  of  decomposi¬ 
tion  by  increasing  the  pressure.  It  seems 
likely  that  many  of  the  questions  raised  in  this 
work  might  be  answered  with  improvements  in 
temperature  measurement  and  control,  and  by 
extension  to  other  compounds.  We  hope  to  gain 
further  information  by  quenching  and  chemical 
analysis,  and  by  further  infrared  work. 

We  hope  that  this  paper  will  encourage 
others  to  investigate  some  of  the  phenomena 
noted  here. 
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CREATION  OF  AN  INTENSE  SHOCK  IN  SOLID  DEUTERIUM 
BY  A  PULSED  LASER  BEAM 

-  REQUIREMENTS  FOR  HUGONIOT  DATA  MEASUREMENTS  - 
C.  Fauquignon 

Commissariat  &  l'Energie  Atomique,  Centre  d'Etudes  de  Limeil 
Limeil-Br6vannes,  France 


The  generation  of  a  shock  is  a  normal  occurence  when  heating  a  solid 
by  an  intense  laser  pulse.  For  pulse  duration  longer  than  about  one 
nanosecond  the  hydrodynamics  is  correctly  represented  by  a  light-driven- 
deflagration  initiated  at  the  free  surface  of  the  material  facing  the 
laser.  In  the  case  of  10”10  -  1(T12  sec  laser  pulses  the  energy  spreads 
into  the  solid  through  a  thermal  wave  and  the  hydrodynamics  develops 
only  after  the  switch-off  of  the  laser.  It  is  shown  that  the  hydrodyna- 
mical  shock  tube  model  can  be  applied  to  this  situation.  By  using  both 
models  shock  pressures  are  estimated  in  the  case  of  a  neodymium  glass 
laser  impinging  deuterium  ice.  Early  experiments  concerning  deuterium 
and  polyethylene  irradiated  by  a  35  nsec  pulse  are  presented. 


INTRODUCTION 

When  a  laser  beam  impinges  an  absorbing 
medium  the  local  electrons  are  accelerated  by 
an  inverse  Bremsstrahlung  process,  then  the 
energy  is  shared  with  the  other  particles  through 
collisions.  In  the  present  paper  we  shall  assume 
that  the  equipartition  times  are  much  shorter 
than  that  corresponding  to  the  macroscopic  mo¬ 
tions  of  the  matter  ;  consequently  the  absorption 
zone  is  simply  considered  as  a  thermal  source. 


Simple  theoretical  models  have  been  esta¬ 
blished  for  both  cases  and  are  used  to  estimate 
the  shock  pressure. 

The  validity  of  the  light-driven-deflagration 
has  been  checked  experimentally  for  solid  deu¬ 
terium  by  means  of  plasma  temperature  and 
shock  wave  velocity  measurements.  Some  other 
early  experiments  on  polyethylene  aiming  at 
defining  optimum  conditions  for  accurate  Hugo- 
niot  measurements  are  presented. 


The  thermal  energy  spreads  in  the  surroun¬ 
ding  material  by  heat  diffusion  and  by  hydrodyna- 
mical  motions. 


The  laser  which  has  been  used  is  a  neody¬ 
mium  glass  laser  ( A  =  1 . 06  jj  m) ,  10^  -  1010  watts 
5  x  10“9  -  3. 5  x  10“8  sec. 


The  relative  importance  of  the  two  processes 
depends  on  both  the  temperature  (then  on  the 
laser  power)  and  the  pulse  duration.  Indeed  heat 
diffusion  develops  more  rapidly  than  hydrodyna- 
mical  motions  and  in  the  case  of  a  very  short  laser 
pulse  is  the  only  process  during  the  time  of  the 
illumination. 

Nevertheless  it  will  be  shown  that  in  all 
cases,  the  heating  of  a  solid  by  a  giant  laser 
pulse  produces  a  shock  wave  which  is  initiated 
during  the  illumination  (light-driven-deflagration) 
or  after  it  by  degeneration  of  a  thermal  wave. 


SPECIFIC  HYDRODYNAMIC  BEHAVIOR  OF  A  SOLID 
UNDER  LASER  HEATING 

The  absorption  of  the  laser  flux  by  a  trans¬ 
parent  material  is  explained  by  a  preionization 
due  to  a  multiphoton  effect  [l].  The  degree  of 
ionization  is  just  adequate  to  make  the  material 
opaque  to  the  laser  frequency  ;  higher  frequen¬ 
cies  can  still  propagate.  The  light  intensity  at 
which  this  effect  appears  depends  on  the  mate¬ 
rial  under  consideration  ;  a  value  of  about 
1010  W  x  cm”2  has  been  found  in  the  case  of 
deuterium.  The  thermodynamic  state  after  the 
preionization  is  unknown  ;  however  a  rough 
estimate  of  the  energy  spent  for  it  let  us  think 
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that  the  enthalpy  has  not  significantly  increased. 
In  the  calculations  which  are  presented  further  it 
has  been  assumed  that  we  are  still  at  the  stan¬ 
dard  conditions. 

The  fundamental  difference  with  regard  to  the 
behavior  of  gaseous  and  solid  materials  appears 
as  we  consider  the  limiting  condition  for  the  light 
to  propagate  in  an  ionized  medium.  This  condition 
is  given  by  :  <cJp/oj<l,  where  c*^p  is  the  plasma 
frequency  and  uuis  the  laser  frequency.  As  ujp 
is  proportional  to  the  square  root  of  the  electron 
density,  it  is  found  that  an  infrared  light  cannot 
enter  a  material  at  a  density  equal  to  that  of  a 
solid. 

Let  us  first  recall  briefly  the  flow  pattern 
associated  with  the  heating  of  a  gas  :  the  light 
heats  directly  the  gas  at  its  standard  density  or, 
even,  at  a  higher  density  in  the  case  of  a  pre- 
loading  by  shock.  The  analogy  between  the 
absorption  zone  and  the  reaction  zone  of  an 
explosive  has  led  to  establish  a  light-driven- 
detonation  model.  This  model  in  which  the 
Chapman-Jouguet  conditions  are  assumed  to  be 
valid  has  been  successfully  experienced  [2],  [3]. 

It  is  also  to  be  noticed  that  the  detonation 
wave  develops  outwards  from  the  focus  towards 
the  laser  and  in  the  opposite  direction. 

When  a  pulsed  laser  beam  impinges  a  trans¬ 
parent  solid  target  located  in  a  vacuum,  at  first 
the  ionization  travels  from  the  focus  towards  the 
laser  and  gradually  rejects  the  light  at  the  free 
surface. 

The  further  penetration  of  the  light  is  only 
possible  following  an  erosion  of  the  material. 

The  density  at  the  top  of  the  absorption  zone 
is  called  the  cut-off  density  ;  its  value  corres¬ 
ponds  to  the  equality  tup  =  uJ,  in  the  case  of 
deuterium  ice  irradiated  by  a  1. 06  pm  wavelength 
light,  the  maximum  density  in  the  absorption  zone 
is  fifty  times  lower  than  the  standard  density. 

The  heating  occurs  during  the  release  of  the  ma¬ 
terial  into  a  vacuum. 

Under  such  conditions,  the  behavior  of  a 
solid  should  be  correctly  represented  by  a  light- 
driven-deflagration  which  propagates  inwards  the 
target. 

It  is  obvious  that  the  same  model  can  be 
applied  to  an  opaque  material,  for  instance  a 
metal.  If  the  target  is  located  in  gas  at  a  pres¬ 
sure  high  enough  for  the  multiple  breakdown  to 
occur,  (that  is  to  say  a  pressure  of  some  tens  of 
Torr  in  air),  detonation  wave  and  deflagration 


wave  will  be  initiated  at  the  free  surface  and 
propagate  in  opposite  directions. 

INTEREST  OF  THE  LASER  AS  A  SHOCK  GENERATOR 

The  possibility  for  the  laser  flux  to  drive  a 
deflagration  leads  us  to  compare  it  with  a  che¬ 
mical  explosive.  At  this  point  of  view,  the  laser 
presents  three  main  advantages  : 

a)  A  radiant  flux  power  per  unit  surface  of 

1013  W  x  cm-3  is  readily  obtained  in  the  pre¬ 
sent  state  of  the  art.  The  equivalent  power 
delivered  by  an  explosive  is  given  by  : 

P  =  E  x  D  x  f> 

where  E  :  specific  energy  #  5  kj  x  g  1 

3  -1 

D  :  detonation  velocity  £  8x10  m  x  sec 

-  3 

p  :  mass  density  #1 . 7  g  x  cm 

10  -2 

Let  us  find  numerically  P  Q'lO  W  x  cm 

b)  The  radiation  driven  deflagration  can  be  ini¬ 
tiated  directly  in  the  material  which  we  want 
to  study  the  behavior  under  shock  loading. 

This  property  is  mainly  interesting  in  the  case 
of  low  density  materials  which  are  severely 
mismatched  with  the  classical  shock  genera¬ 
tors. 

c)  Due  to  the  large  speed  of  the  light  associa¬ 
ted  with  the  thinness  of  the  absorption  zone, 
shocks  of  a  quasi  perfect  planearity  are 
obtained.  Preliminary  experiments  on  polye¬ 
thylene  show  that  the  planearity  of  a  shock 
propagating  about  150  pm  in  front  of  the  defla¬ 
gration  wave  is  quite  perfect  over  a  diameter 
equal  to  0.  9  time  that  of  the  laser  beam. 

The  former  advantages  are  mainly  due  to  the 
specific  property  of  the  laser  to  concentrate  in 
space  and  time  a  relatively  small  energy.  As  an 
offset  to  this  quality  the  highly  loaded  region 
has  small  dimensions  and  the  flow  is  there 
strongly  unstationnary . 

To  take  an  effective  benefit  of  this  new 
tool  in  the  field  of  high  pressure  Hugoniot  data, 
measurements  have  to  be  done  near  the  maximum 
of  the  pressure  spike,  that  is  to  say  at  the 
beginning  of  the  fall  of  the  laser  pulse. 

Rough  hydrodynamic  calculations  applied 
to  the  heating  of  deuterium  by  the  35  nsec  pulse 
considered  in  jV]  show  that  the  maximum  shock 
pressure  drops  of  about  ten  per  cent  along  a 
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path  of  3  x  10  ^  cm  run  by  the  shock  in 
5  x  10“9  sec. 

The  most  recent  experiments  which  will  be 
described  further  aim  at  a  smoothing  of  the 
pressure  decay  by  delaying  the  instant  when  the 
absorption  zone  passes  through  the  optical  focus 
relatively  to  that  of  maximum  laser  output  power. 

Nevertheless,  the  most  severe  limitations  in 
the  use  of  the  high  pressures  generated  by  laser 
action  concern  the  accuracy  of  the  velocity  mea¬ 
surements.  A  nanosecond  time  resolution  is 
needed  for  the  recording  means. 

If  we  are  satisfied  with  lower  pressures  the 
measurements  are  to  be  done  at  the  end  of  a 
relatively  thick  target  :  at  a  far  enough  region  of 
that  where  the  deflagration  took  place  the  pres¬ 
sure  profile  is  smooth  and  conventional  recording 
methods  can  be  used  fi.  H  . 
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Fig.  1  Domains  of  validity  for  hydrodynamic 
and  thermo-conduction  models 


RADIATION  DRIVEN  DEFLAGRATION 

As  we  have  seen  before,  the  laser  flux 
energy  is  deposited  and  converted  in  a  thermal 
form  in  a  narrow  region  close  to  the  free  surface 
of  the  solid.  If  the  laser  pulse  duration  is  long 
enough  the  plasma  generated  in  absorption  zone 
has  time  to  blow  off  into  the  vacuum  and  the  so- 
called  radiation  driven  deflagration  appears  as 
a  result  of  the  momentum  conservation  law  , 
0  .  An  other  condition  for  its  existence  is  that 
the  thermal  wave  which  may  have  been  created 
at  the  origin  of  the  interaction  has  become  sub¬ 
sonic  Q>]  . 

Fig.  1  represents  in  a  laser  flux  density- 
pulse  duration  diagram  the  frontier  between  the 
deflagration  and  the  purely  thermal  regimes. 

A  deflagration  process  associated  with  a 
thermal  conductivity  spreading  the  energy  from 
the  absorption  zone  into  the  shock  loaded  mate¬ 
rial  is  the  usual  situation  in  the  neighbourhood 
of  the  divide  line  of  Fig.  1.  The  solution  of 
such  a  problem  need  the  use  of  a  large  computer 
code  JV)  . 

If  heat  diffusion  is  neglected  and  by  putting 
a  set  of  assumptions  which  will  be  presented 
later,  an  analytical  solution  for  the  flow  can  be 
found  :  any  quantity  can  be  expressed  relatively 
to  the  unique  laser  flux. 

Such  a  model  has  been  described  in  [8j  and 
will  be  used  here  to  evaluate  the  pressure  of  the 
shock  which  propagates  in  front  of  the  deflagra¬ 
tion  wave. 


Fig.  2  gives  a  schema  of  the  flow  (a)  and 
of  the  density  and  temperature  profiles  (b) 
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Fig.  2  The  laser-driven-deflagration  model 


Main  assumptions  used  in  the  model  [jB  J  : 

-  The  flow  is  a  1-D  one 

-  The  discontinuity  in  the  deflagration  wave 
(R)  is  the  result  of  a  surface  absorption 
process . 

-  The  centered  rarefaction  (E)  is  an  isothermal 
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one.  The  density  at  the  head  of  the  fan  is 
equal  to  the  "cut-off"  density  p  . 

-The  deuterium  is  described  by  a  perfect  gas 
law  ;  diatomic  gas  ( /3  =  1.4)  in  front  of  the 
deflagration  and  monoatomic  (  /  =  1.67) 
behind  it. 


the  radiated  area  :  with  the  former  standard  pulse: 
ps  =  450  kb  when  S  =  10  mm^  and 
ps  =  90  kb  when  S  =  1  cm^ . 

When  the  energy  balance  is  calculated  it 
is  found  that  ten  per  cent  of  the  absorbed  ligh 
intensity  is  used  to  supply  the  shock  [8j  . 


When  the  radiation  of  the  plasma,  which 
represents  5  per  cent  of  the  total  energy,  is 
neglected,  the  different  parameters  of  the  flow 
are  found  proportional  to  a  certain  power  of  the 
incident  laser  flux  F.  In  particular,  the  shock 
velocity  Dg  is  given  by  : 


D  -F^3x 
s 


(/3+  DP, 

— T0 


1/2 


SHOCK  GENERATION  BY  ULTRA-SHORT  LASER 
PULSE 

For  high  flux  densities  and  very  short  laser 
pulses  (left  part  of  Fig.  1)  the  energy  transfer 
occurs  by  thermal  conductivity  only. 

Assuming  a  constant  flux  density  F,  the 
position  Xi  of  the  thermal  wave  relatively  to  the 
solid  deuterium  free  surface  and  the  tempera¬ 
ture  Tj  are  given  at  time 
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T.  =  6.3  x  104x  F4//9x(^L^ 

=  initial  density 

=  0 . 17  g  x  cm 

(3) 


/9 


-3-3 

P  =  "cut-off"  density  =  3.4 x  10  gxcm 
R 


all  quantities  in  C.G.S.  units  and 
n  =  5  x  1022  ions  x  cm”3  (constant  volume 


for  deuterium  radiated  by  a  neodymium  glass  laser.  heating) 


Numerically 

1/3  -1 

D  =  0.84  x  F  cm  x  sec 

s  -2  -1 
when  F  is  expressed  in  ergs  x  cm  x  sec 

The  shock  pressure  is  given  by  : 

.  2fo  d2 

ps  /J  +  1  s 

Numerically 

-in 

p  =10  uxF  '  ;  F  in  C.G.S.  units  (2) 

S  kb 

Until  now,  only  plasma  temperatures  and 
shock  wave  velocities  have  been  measured.  It 
will  be  shown  later  (see  Fig.  5)  that  the  agree¬ 
ment  with  the  corresponding  calculated  values  is 
quite  good.  Consequently  the  equation  (2)  should 
give  a  reasonnally  correct  estimation  of  the  pres¬ 
sure  which  can  be  induced  by  laser  action  in  the 
region  of  the  F,  T  diagram  (see  Fig.  1)  where  the 
model  is  valid. 

-9 

As  an  example,  a  100  J  -  10  sec  laser 
beam  impinging  a  deuterium  speck  on  a  1  mnr  area 
should  induce  a  shock  pressure  of  2.10  Mb. 

It  must  be  noted,  Eq.  (2),  that  for  a  constant  flux 
power  the  pressure  varies  as  S“2/3  where  S  is 


At  time  ti  the  conduction  zone  is  a  reser¬ 
voir  of  length  Xi#  temperature  and  pressure 

=  2n^  k  Ti#  the  fluid  being  at  rest. 

From  now  on  t^  will  represent  the  end  of  the 
laser  pulse.  If  ti  whenthe  thermal  wave  becomes 
subsonic,  the  laser  radiation  going  on,  a  radia¬ 
tion  driven  deflagration  would  be  established 
after  an  ill-defined  transition  phase. 

Fig.  3  represents  the  history  in  a  space 
versus  time  diagram  ;  the  hatchings  correspond 
to  the  hot  region 

At  the  end  of  the  laser  pulse  the  velocity 
of  the  thermal  wave,  which  is  no  longer  fed, 
vanishes  rapidly  and  the  thermal  energy  is 
transfered  to  the  surrounding  material  by  hydro- 
dynamical  motions  (Fig.  3)  : 

-  plasma  ejection  into  vacuum  (R2 ) 

-  shock  wave  (o.c.)  in  solid  deuterium 

-  reflected  rarefaction  fan  (R^)  in  the  heated 

region. 

Such  a  schema  is  similar  to  that  of  the 
hydrodynamic  shock  tube  ;  in  this  comparison 
time  ti  corresponds  to  the  breaking  of  the  dia¬ 
phragm. 
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Fig.  3  The  thermal  wave  model  and  the 
hydrodynamic  transition 

The  shock  wave  will  be  weakened  when 
caught-up  by  release  waves  (R2)  refracted 
through  (Rj).  Let  us  call  Xf,  tf  the  coordinates 
of  the  end  of  the  pressure  plateau  ;  a  rough 
numerical  calculation  using  a  perfect  gas  law  as 
an  equation  of  state  shows  that  Xf-Xi  which 
corresponds  to  the  stationnary  region  of  the  flow 
is  of  the  order  of  100  jam  for  a  100  J  -  10”*1  sec 
laser  pulse  irradiating  a  1  mm^  area. 


We  have  also  : 

rQ'  \l/2  3  1/2 

ai  T M~  X  Ti  )  =  6.45x10  (T^  cm  x  sec' 

Pq  =  10^  baryes 

a^  =  2  x  105  cm  x  sec  1  |1)] 


Assuming  TT  *^>1  Eq.  (5)  becomes  the 

following  implicit  relation  between  T,  and  p 

1  c 

1-  5 


Ar" 


itf-c-t] 


(6) 


with  A  =  2nA  k  =  1.38  x  10 


B  = 


a  Ji-  1) 
o _ 


J2  /ipo<^+  dJ  1/2 


=  49.6V  C.  G.  S.  units 


C  =  6.45  x  10 


From  the  symetry  played  by  T*  and  po  in 
Eq.  (6)  one  draws  a  simple  linear  relation.  The 
coefficient  of  proportionality  is  determined  at 
the  limit  T*  =  T0  =  4  °K  where  pc  =  pQ  =  10  baryes 


Calculation  of  the  shock  pressure  : 


The  shock  tube  similarity  allows  the  use  of  well 
known  relations  established  in  considering  the 
continuity  of  the  flow  on  both  sides  of  the  inter¬ 
face  S  (Fig.  3).  We  shall  use  the  classical 
implicit  relation  between  pressures  and  sound 
velocities  :  .  v 


— ()M)  .11-1 


*/3[c^yir+-/3-4] 


(5) 


where  : 


a  ,  a.  are  the  sound  velocities  in  the  regions  (O) 
°  1  and  (1) 

Pc 

Tf=  —  with  p  =  shock  pressure 
po 


Then,  we  get  : 

p  =  2.5  x  10" 4  x  T,  °K 
Ckb  1 

Finally,  by  taking  account  of  Eq.  (4)  : 
p  =  1.44  x  10_4X  F4/9X  t,2/9  (7)  where  F 

C,  ,  1 

kb 

and  tj  are  in  C.G.S.  units. 

Remarks 

a)  In  the  former  equations  F  represents  the  light 
intensity  which  has  been  effectively  absorbed. 
When  ultra  short  pulses  are  considered  a  large 
fraction  of  the  incident  light  is  reflected  due 
to  the  steep  density  gradient  at  the  free  sur¬ 
face  which  has  no  time  to  release.  Conse¬ 
quently  the  efficiency  of  the  heating  is  lowered. 


ft  =  1.4  ...  polytropic  coefficient  of  cold  deute¬ 
rium 

^  =  1.67..  .polytropic  coefficient  of  hot  deuterium 

It  should  be  noticed  in  the  present  case 
that  the  reservoir  is  heated  at  constant  mass 
density  and  then  pA  =  2n.  k  Ti#  the  particle  num¬ 
ber  being  doubled  by  ionization. 


b)  The  assumption  of  a  one  fluid  flow  is  no  longer 
valid  when  the  pulse  duration  becomes  of  the 
order  of  the  time  necessary  for  electrons  to 
exchange  energy  with  ions.  At  the  solid  den¬ 
sity  this  time  is  about  10" 12  sec. 

To  illustrate  the  capability  of  the  laser  to 
produce  intense  shock  waves  we  have  conside-^ 
red  a  100  J  rectangular  pulse  irradiating  a  1  mrn 
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area  of  deuterium  ice  the  duration  of  the  pulse 
being  the  variable  Z.  and  all  the  light  intensity 
being  assumed  to  be  absorbed.  Fig.  4  represents 
the  shock  pressure  pc  in  terms  of  Z  ,  the  dotted 
line  is  an  extrapolation  of  both  models  in  the 
central  region  where  heat  diffusion  and  hydrody¬ 
namics  are  present. 


Fig.  4  Calculated  shock  pressure  in  both 
models 


in  order  to  increase  the  efficiency  of  the 
laser  action,  the  beam  was  focused  on  a  very 
small  area  (0.1  mm  in  diameter)  inside  the  deu¬ 
terium  ice;  such  experimental  condition  are  not 
fitted  for  the  measurements  of  Hugoniot  parame¬ 
ters. 

More  recent  experiments  have  been  perfor¬ 
med  in  order  to  investigate  in  greater  detail  the 
shock  loaded  region  and  the  emergence  of  the 
shock  at  the  free  surface.  For  convenience  a 
polyethylene  target  has  been  used  up  to  now. 

The  experimental  set-up  remains  the  same  with 
the  exception  of  the  focusing  lens. 

We  use  a  Q-switched  neodymium  glass  laser 
with  five  amplifier  stages  [5].  The  overall  exit 
aperture  is  45  mm  in  diameter. 

The  beam  is  focused  onto  the  target  either 
by  means  of  a  specially  devised  aspherical  sin¬ 
gle  lens[l0]  when  sharp  focusing  is  wanted  (the 
focal  spot  can  be  moved  +  2  mm  with  respect 
to  the  target  surface)  or  by  a  600  mm  focal  length 
objective  when  a  smoothly  converging  beam  is 
needed  to  get  a  practically  constant  cross  sec¬ 
tion  flow. 


EXPERIMENTS  AND  RESULTS 

The  first  set  of  experiments  which  is  des¬ 
cribed  here  has  been  undertaken  with  regard  to 
the  study  of  the  production  of  very  hot  deuterium 
plasmas  by  laser  heating.  The  measurements  of 
plasma  temperature  and  shock  wave  velocity 
aimed  at  checking  the  laser-driven-deflagration 
model. 


A  90°  off-axis  illumination  of  the  target  is 
obtained  by  a  multiple  breakdown  in  air.  This  is 
caused  by  focusing  a  part  of  the  main  laser  beam 
which  has  been  split  in  front  of  the  interaction 
chamber  (Fig.  5). 

Deuterium  target  :  the  deuterium  ice  is 
obtained  by  condensation  of  gaseous  deuterium 
inside  a  copper  extruder  chilled  by  liquid  helium. 
The  ice  is  a  few  millimeters  long  and  has  a  1  01 
2  mm  thick  square  cross-section. 


LASER 


AlK  BREAKDOWN 


Fig.  5  Experimental  set-up 
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Polyethylene  target  :  it  is  a  commercial 
strip  of  a  given  thickness  (from  100  to  500  |jm) . 

It  has  been  found  that  its  behavior  during  the 
preionization  phase  was  not  identical  to  that 
of  deuterium  and  the  initiation  of  the  deflagra¬ 
tion  has  to  be  favoured  by  blackening  (black 
ink)  the  laser  facing  free  surface. 

Measurements  and  results 

In  order  to  check  the  laser-driven-deflagra- 
tion  model  plasma  temperature  and  shock  wave 
velocities  measurements  have  been  performed  on 
deuterium  ice. 

The  shock  velocities  have  been  calculated  by 
a  derivation  of  the  path  versus  time  recording  of 
a  STL  streak  camera.  The  mass  density  gradient 
associated  with  the  shock  is  used  to  locate  it  in 
a  Schlieren  system. 

Earlier  measurements  [§]  had  been  performed 
by  recording  the  self  luminosity  of  the  event  and 
it  remained  an  uncertainty  on  the  origin  of  the 
recorded  trace  (deflagration  or  shock  wave). 

Let  us  recall  now  that  the  light  intensity  F 
is  given  by  :  p 

F  ~  ~s' 

where  P  is  the  laser  output  power  and  s  is  the 
cross-section  of  the  absorbing  layer. 

For  a  given  laser  pulse  optimum  performan¬ 
ces  are  obtained  if  the  deflagration  front  passes 
through  the  focal  area  at  the  time  when  the  laser 
output  power  is  maximum. 

Fig.  6  represents  the  maximum  shock  velo¬ 
cities  which  have  been  measured  when  this 
condition  is  fulfilled. 

It  is  obvious  that  if  the  focal  area  is  passed 
by  the  deflagration  front  after  the  maximum  out¬ 
put  power  has  been  reached,  the  shock  pressure 
is  lower  but  the  flow  is  less  unstationnary. 
Consequently,  focusing  conditions  can  be  used 
to  govern  the  time  dependance  of  the  light 
intensity  for  a  given  output  power. 

The  present  experiments  on  polyethylene 
have  respect  to  this  possibility  of  smoothing 
the  pressure  decay  and  focusing  condition  are 
varied  in  order  to  get  reasonnably  constant  shock 
velocities.  The  targets  have  different  thicknes¬ 
ses  ranging  from  0.1  to  0.5  mm  and  the  Schlieren 
method  as  presented  before  is  used  to  measure 
successively  the  shock  and  the  free  surface 
velocities. 


Fig.  6  Experimental  maximum  shock  velocity 
versus  laser  optimal  power 


On  the  other  hand  comparison  between  the 
shock  front  diameter  and  that  of  the  illuminated 
area  is  performed  by  using  the  set-up  of  Fig.  5b. 
It  has  been  found  that  the  planearity  of  the  shock 
front  is  quite  perfect  over  a  diameter  of  0. 9  mm 
when  the  absorbing  layer  which  is  0.15  mm 
behind  it  has  a  diameter  of  1  mm. 

CONCLUSION 

The  capability  of  the  laser  to  generate  very 
high  pressures  has  been  established  with  the 
assistance  of  simple  theoretical  models.  At  the 
present  time  the  light-driven-deflagration  model 
has  been  successfully  checked. 

The  high  pressures  vanish  rapidly  after  the 
laser  switch-off  and  to  take  a  real  advantage  of 
the  laser,  it  appears  that  shock  parameters  mea¬ 
surements  must  be  performed  during  or  at  the 
end  of  the  illumination.  A  nanosecond  time  reso¬ 
lution  is  needed  for  the  recording  techniques  to 
be  used  under  such  conditions. 

An  interesting  behavior  of  the  laser  shock 
generator  is  the  regulation  of  the  flow  by  an 
action  on  the  focusing  conditions  for  a  given 
waveform  of  the  laser  pulse.  This  mean  has 
been  found  as  a  solution  to  approach  the  sui¬ 
table  pressure  plateau  which  is  needed  for 
accurate  Hugoniot  data  measurements. 
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When  a  shock  wave  crosses  the  junction  of  two  metals  an  e.m.f.  ap¬ 
pears  between  the  two  non  compressed  parts  of  the  metals.  The  voltage 
generator  character  of  the  junction  under  shock  attack  is  first  studied  ex¬ 
perimentally  with  a  Cu-CTE  junction  perpendicular  to  the  shock  front. 
Then  copper- semi -conductors  junctions  are  studied  :  n  and  p  type  PbTe, 
monocrystalline  intrinsic  n  and  p  type  Ge  in  the  [111]  orientation,  intrin¬ 
sic  Ge  in  the  [100]  orientation  and  polycristalline  intrinsic  Ge.  Tested 
pressure  range  (in  Cu)  is  80-420  Kb.  Polarity  which  appears  when  the 
shock  front  crosses  the  junction  is  related  majority  carriers  polarity  in 
the  semi-conductor. 

ChronomeLrical  property  of  the  junction  effect  is  used  to  study,  in  Ge 
and  Bi,  complex  wave  structure  resulting  from  dynamic  elastic  limit  and 
phase  transitions.  Some  of  the  results  in  Ge  could  be  explained  by  a  dy¬ 
namic  transition  very  close  to  the  metallic  transition  known  to  take  place 
at  140  Kb.  Such  a  transition  could  be  the  cubic  to  tetragonal  transition 
previously  noticed  under  static  compression  but  not  under  shock  compres¬ 
sion.  In  Bi,  complex  wave  structure  is  also  recorded  and  the  first  front 
is  clearly  identified  as  the  25  Kb  first  phase  transition. 


INTRODUCTION 

Previous  shock  wave  compression  experi¬ 
ments  (1-5)  on  metal -metal  junctions  has  shown 
that  an  e.m.f.  appears  between  the  non  compres¬ 
sed  ends  of  the  two  metals  when  the  shock  cros¬ 
ses  the  junction.  This  e.m.f.  is  similar  to  a 
thermoelectrical  effect  where  temperature  is  re¬ 
placed  by  pressure. 

The  measured  voltage  is  generally  higher 
than  the  one  expected  from  calculated  equilibrium 
temperature,  just  behind  the  shock  front,  and  nor¬ 
mal  thermoelectric  effect.  So  this  effect  was  cal¬ 
led  previously  "anomalous"  thermoelectric  ef¬ 
fect  (5).  Its  characteristics  were  presented  at 
the  4th  Symposium  on  Detonation  in  1965  (5)  ; 
they  were  obtained  principally  from  the  Cu-CTE 
(constantan)  junction  : 

1/  This  effect  acts  as  a  voltage -generator 
with  very  small  internal  resistance. 

2 /  Voltage  and  polarity  are  function  of  pres¬ 
sure.  Polarity  is  generally  the  same  as  in 
a  thermo  electrical  effect,  at  least  at  low 
shock  pressure.  Voltage  V  versus  pres¬ 
sure  P  has  been  observed  to  fallow  a  li¬ 
near  empirical  law. 


V(mV)  =  0,45  P  (Kb)  +  11 

3/  In  a  chain  with  several  junctions,  swept 
by  a  shock  wave  which  compresses  some 
of  the  metals  and  junctions  to  the  same 
pressure,  the  e.m.f.  obtained  between 
the  ends  of  the  chain  is  only  dependant 
of  the  nature  of  the  two  metals  where  the 
shock  wave  limits  the  compressed  part 
of  the  chain. 

4/  With  a  plane  shock  wave  parallel  to  a 
junction,  the  electrical  rise  time  of  the 
response  of  the  junction  seems  to  be 
able  to  approach  the  true  rise  time  of 
the  pressure  in  the  shock  front. 

Some  theoretical  attempts  were  made  (6)  (7) 
(8)  to  explain  this  effect  but  assumptions  made 
are  very  restrictive.  A.  MIG  AULT  (8)  succeeds 
in  solving  coupled  linearized  BOLTZMANN  equa¬ 
tions  for  phonons  and  electrons  distribution 
functions  in  a  metal  whith  non  uniform  and  time 
dependant  stress  distribution  ;  he  gets  for  a 
shock  compression  through  a  junction  an  elec¬ 
trical  effect  superimposed  to  the  normal  ther¬ 
moelectric  effect.  The  proposed  law  agrees  with 
polarity  and  order  of  magnitude  of  experimental 
results  For  pressures  ranging  up  to  400  Kb. 
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CU-CTE  JUNCTIONS  PERPENDICULAR  TO 
THE  SHOCK  FRONT* 


from  CONZE  and  al .  results  (6),  where  a  plane 
junction  is  attacked  by  a  spherical  shock  wave. 


Theory  is  grounded  principally  on  the  vol¬ 
tage  generator  character  of  the  junction  effect 
(8)  ;  this  was  shown  by  two  ways  : 

a)  voltage  amplitude  is  independent  from 
junction  surface  and  external  load  resistance  (5), 

b)  a  plane  junction  attacked  by  spherical 
wave  generates  electrical  signal  as  soon  as  the 
wave  reaches  the  center  of  the  junction,  al¬ 
though  the  non  compressed  part  of  this  junction 
shortens  the  active  compressed  one.  (6). 

Similar  effect  can  be  obtained  with  junction 
perpendicular  to  the  incident  shock  wave.  Ex¬ 
periments  in  this  way  were  performed  on  Cu-CTF 
junctions.  Sketch  of  experimental  device  is  gi¬ 
ven  on  Fig.  1 . 


% 
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Fig.  2  -  Typical  record  on  Fig.  1  configuration 


Fig.  1  -  Sketch  of  experimental  device  with 
Cu-CTF  junctions  perpendicular  to  inci¬ 
dent  shock  wave. 


A  A'  =  5  mm.  Pressure  :  175  Kb  in  Cu 

(1)  :  Arrival  of  the  shock  on  the  AB  plane 

junction 

(2)  :  Arrival  of  the  shock  on  the  A'  B' 

face 

.horizontal  0,5  P<s /div. 
race  •vertjcaj  50  mV/div. 


As  no  voltage  appears  when  shock  wave 
overtakes  the  plane  part  AB  of  the  junction  (in 
1  Fig.  2)  we  may  think  that  the  resistance  of 
the  non  compressed  cylindrical  AA’-BB'  part 
of  the  junction  is  much  smaller  than  the  internal 
resistance  of  the  plane  compressed  part  acting  as 
a  generator.  When  the  wave  sweeps  the  cylin¬ 
drical  part,  resistance  of  this  junction  increa¬ 
ses  as  its  surface  decreases.  Taking  account 
of  the  50  Q  external  load  resistance,  if  we  as¬ 
sume  the  junction  resistance  to  vary  inversally 
with  the  magnitude  of  the  surface,  the  record  is 
well  interpreted.  Decreasing  internal  resistance 
of  the  compressed  active  part  of  the  junction  may 
be  also  taken  into  account.  Qualitative  form  of 
the  oscillograms  is  well  interpreted  if  this  inter¬ 
nal  resistance  'decreases  also  inversally  vith 
the  surface  area. 


A  A'  -BB'  :  Cylindrical  junction  perpendi¬ 
cular  to  the  shock  (from  1  to  5  mm) 
AB  :  Plane  junction  parallel  to  the 

shock  (6  mm  diameter). 


A  shock  wave  sweeping  the  junction,  divides 
it  into  two  parts  : 

-  one  compressed  part  which  generates  the 
electrical  effect 

-  one  non  compressed  part  which  acts  as  a 
short-circuit  for  the  previous  active  part. 

A  typical  records  is  given  on  fig.  2.  Voltage 
rises  with  the  wave  sweeping  the  cylindrical 
junction  and  comes  to  a  maximum  when  the  whole 
junction  is  compressed.  This  result  is  different 
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From  these  results  it  may  be  expected  that 
the  voltage  given  by  an  usual  plane  junction  will 
decrease  with  surface  area  of  the  junction. 
Indeed  this  is  observed  with  Cu-CTE  junctions, 
surfaces  of  which  are  smaller  than  1  mm2.  For 
example  at  170  Kb  mean  voltage  is  35  mV  with  a 
27  mm2  surface  and  becomes  20  mV  with  0,2  mm2 


METAL  SEMI-CONDUCTOR  JUNCTIONS. 

Analogy  with  thermoelectric  effect  leads  to 
study  junctions  with  semi-conductors,  thermoe¬ 
lectric  power  of  which  may  be  high.  Also  intrin¬ 
sic,  n  or  p  doped  materials  make  possible  to 
study  correlation  of  junction  effect  with  nature 
of  majority  carriers.  Furthermore  metallic  pha¬ 
se  transitions  existing  at  high  pressure  may  be 
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expected  to  influence  junction  behaviour. 
Experimental  device  : 

Sketch  of  the  device  is  represented  on  fig.  3. 
The  shock  generator  is  either  a  plane  wave 
generator,  or  for  pressure  below  250  Kb,  a 
standard  small  mass  of  high  explosive.  Pres¬ 
sure  at  junction  depends  on  copper  plate  thi¬ 
ckness  h  and  was  experimentally  predetermined. 


Shock 

Generator 

i :  I 


'/,///.  ).*///■  '>*'.■///' 


A  :  metal  or 
semi-conductor 
tested 

B  :  O.F.HC.  copper 
h  variable  attenuator 


Fig.  3  -  Sketch  of  experimental  configuration 
(plane  junctions  parallel  to  the  shock  front) 


Always  O .  F .  H  .  C  .  Cu  is  the  first  of  the  two 
materials  of  the  first  junctions.  Lateral  dimen¬ 
sion  0  of  the  second  material  A  is  small  enough 
(0  <  4,5  mm)  so  that  the  acting  part  of  the  wave 
may  be  considered  as  plane.  Sample  A  thickness 
e  is  small  (e  <  3  mm),  so  induced  shock  pressure 
may  be  considered  as  constant  during  the  wave 
is  propagating  through  the  sample  disk.  This 
sample  is  kept  by  a  cylindrical  copper  made  pie¬ 
ce  B,  diameter  of  which  is  generally  smaller 
than  sample  diameter  ;  so  that, in  spite  of  late¬ 
ral  expansion, part  of  the  wave  crossing  the 
second  junction  (A-B)  is  still  rather  plane.  In 
B  the  shock  wave  propagates  again  through  O. 
F.H.C.  copper.  Then  the  two  series  junctions 
(Cu-A)  and  (A-B)  act  and  contribute  to  the  out¬ 
put  voltage,  first  by  pressure  effect  (studied 
here)  but  also  by  normal  thermoelectrical  ef¬ 
fect.  If  pressure  is  constant  behind  the  shock 
front  both  junctions  are  at  same  pressure  (and 
thermodynamical  state)  and  we  may  expect  the 
voltage  between  l  and  J  to  come  back  to  zero ,  if 
upper  copper  plate  is  maintened  at  ground  po- 
tentiel.  Voltage-time  measurements  are  recor¬ 
ded  with  a  Tektronix  555  oscilloscope  with  13  ns 
rise-time.  If  the  sample  resistance  R  is  not  ne¬ 
gligible  versus  external  load  resistance  (50  0) 


it  must  be  taken  into  account  and  voltage  has  to 
be  corrected  by  a  R+50/50  factor. 

Copper-Telluride  of  Lead  junctions  (n  and  p  type 
PbTe). 

Junctions  with  O.  F.H.C.  copper  and  poly- 
cristalline  n  and  p  type  PbTe  were  tested.  Sam¬ 
ple  thicknesses  were  between  2,40  and  3,05  mm 
and  resistance  was  always  smaller  than  0,15  0, 
negligible  versus  50  0external  load.  Measure¬ 
ments  were  made  with  shock  pressure  range 
from  100  to  230  Kb  in  copper. 


Fig.  4  -  Typical  record  for  a  Cu-PbTe  (n)-Cu 
chain  in  Fig.  3  configuration. 

PbTe  sample  thickness  :  2,4  mm 
Pressure  in  Cu  :  100  Kb 

.horizontal  :  0,2  us/div. 
race  *vert^ca]  .  20  mV/div. 


With  n  type  PbTe  of  nominal  1,3  to  2,5.10  0 

cm  resistivity  oscillograms  recorded,  with  Fig. 3 
configuration,  are  similar  to  those  that  could  be 
expected  from  a  well  known  Cu-CTE-Cu  chain. 
The  response  from  the  Cu-PbTe  (n)  junction  is 
the  first  electrical  front.  Front  voltage  appears 
to  be  negative  and  insensitive  to  the  pressure, 
its  value  remaining  between  30  and  40  mV  for 
the  studied  pressure  range  (Fig.  5).  Behind  the 
electrical  front,  the  voltage  remains  constant 
(Fig.  4)  until  the  shock  crosses  the  second 


A<?.m.f 


20 


Pressure 

| _ _ _ _ JKb) 

0  100  200 

Fig.  5  -  e.m.f.  versus  pressure  in  Cu  for  a 
Cu-PbTe  (n)  junction. 
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TABLE  I 

Experimental  results  for  PbTe  (n) 


Nombre 

d'essais 

PCu 

Kb 

PbTe 

Kb 

D 

mm/ u»s 

u 

p  , 

mm/  us 

VCu  PbTe(n) 
mV 

2 

230 

170 

3,1 

0,665 

29 

1 

130 

82 

2,7 

0,415 

34 

5 

100 

75 

2,8 

0,32 

35 

P0  =  8,25  g/cm3 


junction,  then  as  expected  it  comes  bakes  to 
zero  through  a  new  electrical  front.  Rise  time 
of  this  '’back”  front  is  often  longer  than  the  one 
of  the  first  front,  due  to  the  wave  deformation 
by  lateral  expansion.  Nevertheless  time  of  pro¬ 
pagation  of  shock  wave  in  sample  PbTe  can  be 
precisely  measured  and  so  average  shock  velo¬ 
city  can  be  determined.  By  usual  mismatching 
mpedance  method,  pressure  can  be  deduced. 
Results  are  reported  on  table  1. 


pressure  range  was  from  80  to  420  Kb  in  copper. 

Previous  experiments  on  Ge  (9-11)  have 
revealed,  for  high  enough  pressure,  a  complex 
wave  structure  which  should  result  from  a  44  Kb 
HUGONIOT  elastic  limit  and  a  phase  transition 
to  metallic  state  at  140  Kb  under  dynamical  com¬ 
pression.  Mismatching  impedance  requires  an 
incident  shock  pressure  of  190  Kb  in  copper  to 
induce  this  transition  pressure  in  Ge. 


With  a  Cu-p  type  PbTe  junction  shock  wave 
gives  a  positive  and  small  amplitude  electrical 
front  (Fig.  6)  ;  behind  this  front,  voltage  de¬ 
creases  and  becomes  negative  like  in  previous 


Fig.  6  -  Typical  record  for  a  Cu-PbTe(p  type) 
Cu  chain  in  Fig.  3  configuration. 

PbTe  sample  thickness  :  3  mm 
Pressure  in  Cu  :  230  Kb 

.horizontal  :  0,2  us/div. 
race  ’vertical  :  lOmV/div. 


experiments,  then  voltage  tends  toward  zero 
when  the  shock  wave  overtakes  the  second 
junction  and  comes  again  in  copper. 

Copper-Germanium  junctions  : 

Specimen  tested  were  polycristalline  intrin¬ 
sic  Ge,  single  crystal  intrinsic  Ge  with  a  [100] 
then  a  [111]  plane  parallel  to  the  shock  wave, 
and  n  type  and  p  type  single  crystal  Ge  with  a 
[111]  plane  parallel  to  the  shock  wave.  Shock 


With  our  standard  experimental  configura¬ 
tion  (fig.  3),  we  record  again  an  electrical  front 
when  shock  wave  crosses  the  Cu-Ge  junction  . 
Records  obtained  with  a  plane  wave  generator 
and  a  330  Kb  pressure  in  copper  at  the  junction 
are  presented  fig.  7.  As  previously  noticed, 
output  voltage  has  to  be  corrected  for  Ge  sample 
and  contact  resistances . 

When  shock  wave  attacks  the  first  junction, 
contact  resistance  of  this  junction  may  be  modi¬ 
fied.  But  this  contact  resistance  is  only  a  frac¬ 
tion  of  R ,  so  if  R  is  smaller  than  the  50  0  exter¬ 
nal  load  resistance,  we  may  neglect  this  va¬ 
riation,  and  correction  will  be  made  with  R  va¬ 
lue  as  measured  before  the  shot.  This  appro¬ 
ximation  is  only  valid  for  the  first  electrical 
front.  The  correction  was  made  with  n  type  Ge 
in  the  [111]  orientation  where  R  measurements 
give  value  smaller  than  30  0.  In  experiments 
with  the  n  type  Ge, first  electrical  front  is  al¬ 
ways  negative  (fig.  7)  ;  corrected  front  am¬ 
plitude  versus  shock  pressure  is  reported  on 
fig.  8.  Dispersion  takes  place  in  these  expe¬ 
riments  at  about  140  Kb, the  phase  transition 
pressure  in  Germanium.  We  notice  that  the  res¬ 
ponse  of  the  junction  is  a  pulse  with  the  n  type 
Ge,  so  the  amplitude  might  be  also  dependent 
upon  the  oscilloscope  rise  time.  The  pulse  dura¬ 
tion  is  about  50  ns,  that  should  agree  with  the 
order  of  magnitude  of  100  ns  proposed  as  rela¬ 
xation  time  for  carriers  equilibrium  in  Ge  by 
R.A.  GRAHAM  and  al.  (10).  With  intrinsic  and 
p  type  Ge  the  electrical  front,  when  the  shock 
enters  the  Ge  sample,  is  always  positive  with 
a  rather  constant  voltage,  between  20  and  40  mV, 
in  the  range  of  studied  pressures. 
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Fig.  7  -  Typical  records  for  Cu-Ge-Cu  chain 
in  Fig.  3  configuration.  Pressure  in  Cu  : 
330  Kb. 

a)  Polycristalline  intrinsic  Ge,  sample 
thickness  2,9  mm 

b)  p  type  Ge,  sample  thickness  3  mm 

c)  n  type  Ge,  sample  thickness  3  mm 

.horizontal  (a,  b,c  )  0,2  M-s/div. 
race  *vertjca|  (a,  b)  50mV/div. 

"  (c)  100  mV/div. 


It  must  be  noticed  again  that  the  normal  ther¬ 
moelectrical  effect  is  included  in  the  recorded 
voltage,  and  this  effect  may  be  not  negligible. 

A  rough  estimation  made  for  n  type  Ge  with  nor¬ 
mal  pressure  and  temperature  characteristics 
would  give  a  thermoelectrical  contribution  of 
about  40  mV  at  l60  °C, which  is  the  calculated 
temperature  at  140  Kb  in  Ge  (10).  As  the  whole 
corrected  voltage  for  n  type  Ge  is  140  to  190  mV 
(Fig.  7),  contribution  of  thermoelectrical  effect, 
which  moreover  is  also  function  of  pressure  and 
temperature,  may  be  important. 

Conclusion  : 

From  the  results  obtained  with  doped  Ge  and 
PbTe  samples  we  may  conclude  that  the  electri¬ 
cal  front  voltage  given  by  a  Cu- semi -conductor 
junction  attacked  by  shock  wave  has  the  same 
polarity  as  majority  carriers  ;  behind  the  front, 
for  a  given  semi-conductor  electrical  behaviour 
seems  to  become  similar  whatever  doping  may 
be. 


f  em.F. 

(mV) 


-200 


-100 


155" 


i<0  in  Ge 

— So— 


Pressure 

(Ktf 


Fig.  8  -  e.m.f.  versus  pressure  in  Cu  for  a 
Cu-Ge  (n)  junction. 


APPLICATION  TO  INVESTIG ATION  ON  COM¬ 
PLEX  STRUCTURE  WAVES  IN  Ge  AND  Bi. 

Germanium  : 

When  incident  pressure  is  over  190  Kb  in 
copper,  the  induced  shock  pressure  in  Ge  is 
over  140  Kb  and  at  this  pressure  takes  place 
the  phase  transition  to  metallic  state  (10-15). 
Taking  account  of  an  assumed  elastic  44  Kb 
wave  (10-11)  the  shock  front  propagating  in  Ge 
sample  is  expected  to  present  a  three  waves 
structure.  First  junction  being  kept  at  the  up¬ 
per  incident  pressure,  the  second  junction  (Ge- 
Cu)  will  be  successively  hit  by  the  44  Kb  first 
wave,  the  140  Kb  wave,  then  the  upper  pressure 
wave.  Each  wave  changes  abruptly  Ge  state  at 
the  second  junction  and  a  junction  effect  may  be 
expected.  Furthermore  the  R  resistance  of  the 
chain  is  modified  by  phase  transition  to  metallic 
state.  When  the  140  Kb  transition  wave  propa¬ 
gates  through  the  Ge  sample,  R  is  a  linear 
function  with  time  and,  for  a  constant  junction 
e.m.f.,  also  the  recorded  voltage  should  be 
linear  with  time.  So  the  correction  factor  and 
true  e.m.f.  amplitude  is  difficult  to  determine 
from  the  records . 

Nevertheless,  time  of  arrival  of  waves  can 
be  correlated  with  the  voltage  fronts  which  can 
be  seen  clearly  and  read  precisely  on  the  oscil¬ 
lograms.  On  fig.  7,  with  an  incident  plane  shock 
wave  of  330  Kb  (in  Cu)  and  behind  the  front  0 
corresponding  to  the  shock  wave  at  the  first 
junction,  we  observe  4  fronts  (except  in  intrinsic 
Ge  where  front  1  does  not  appear).  Transit  ti¬ 
mes  of  the  associated  waves  in  samples  of 
known  thicknesses  are  given  on  table  11,  for  ex¬ 
periments  at  330  Kb  (in  Cu) .  Corresponding 
velocities  are  givent  on  table  III.  R.  A.  GRAHAM 
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TABLE  II 

Chronometry  of  electrical  fronts  (Pressure  in  copper  :  330  Kb). 


Type  Ge  : 

[111]  n 

[111]  p 

Polycrist . 

Intrinsic 

Thickness  : 

3 

mm 

3  mm 

2,9  mm 

Experiment  n°  : 

CG  11  a 

CG  12  a 

CG  lib 

CG  12  b 

CG  11  c 

CG  12  c 

Reperes  cf.  fig.  8  et  9 

1 

.52  u»s 

.52  us 

.  50  us 

.52  US 

- 

2 

.60 

.60 

.60 

.60 

600  ns 

570  ns 

3 

.70 

.70 

.65 

.68 

680 

690 

4 

.80 

.82 

.80 

o 

CO 

no  clear  front 

TABLE  111 


Velocities  of  different  parts  of  the  wave  induced  in  Ge  (n  or  p  monocrystalline  and  intrinsic  poly- 
cristalline  Ge)  by  a  330  Kb  (in  Cu  shock. 


Velocities  in  mm/us 

Dynamic 

Fronts  n° 

R.  A. GRAHAM 

M.N.PAVLOVSKI 

This  work 

Pressure 

Observations 

(cf  .fig.  8) 

and  al  .(10) 

(11) 

in  Kb 

1 

Dr 

5,7 

4,7 

5,75  +  0,2* 

44  (10X11) 

-Elastic  Front  (?) 

-  *  [111]  n  et  p  Ge 

only 

2 

D  = 

“ 

“ 

5,0  +0,2 

3 

D2= 

4,26 

3,96 

4,3  +0,2 

140  (10)(11) 

-  Metallic  transition 

4 

Dy 

3,8**+  0,2 

200 

*• 

-  Calculated  veloci¬ 

o 

ty  from  (12)  is 

3,87  mm/ us . 

and  al .  (10)  and  PAVLOV  SKI  (11)  results  are 
reported  with  our  results  on  a  space-time  dia¬ 
gram  on  Fig .  9 

Time  of  arrival  of  successive  fronts  are  in¬ 
dicated  as  1 , 2 , 3 , 4  like  on  Fig .  7  .  Point  4  on 
record  is  the  time  when  voltage  comes  back  to 
zero  value,  and  is  correlated  to  the  maximum 
pressure  arrival  on  the  Ge-Cu  junction.  Indeed 
the  two  junctions  are  then  in  the  same  state. 

Our  results  agree  with  these  of  R  .  A.GR  A- 
HAM  and  al .  (10)  for  the  fronts  1  and  3  which 
are  identified  as  44  Kb  elastic  wave  and  140  Kb 
phase  transition  wave.  Front  4  also  agrees  with 
calculated  wave  velocity  from  ref.  (12). 

It  may  be  noticed  that  front  1  does  not  ap¬ 
pear  in  intrinsic  polycristalline  Ge.  But  in 


intrinsic  [100]  Ge  this  front  again  clearly  ap¬ 
pears  with  the  same  velocity  of  5,75  mm/us  ; 
althoug  elastic  [100]  velocity  is  4,92  mm/ns 
(13).  So  the  elastic  nature  of  the  wave  with  a 
5,75  mm/ns  velocity  may  be  matter  of  conjec¬ 
ture  . 

No  wave  is  reported,  either  by  R.  A.  GRA¬ 
HAM  and  al.  (10)  or  PAVLOVSK1  (11)  which 
explains  the  front  2.  Such  a  wave  would  have 
a  velocity  of  5  mm /us  .  But  i  t  may  be  pointed 
out  that  time  of  arrival  of  this  front  coincides 
with  the  time  when  reflected  "elastic”  wave 
interferes  with  phase  transition  wave  ;(Fig  9) 
but  reflected  wave  amplitude  is  small  (about 
4  Kb)  and  also  there  is  no  reason  to  associate 
electrical  pulse  with  interference  of  this  wave 
with  transition  wave 
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Fig.  9  -  Space-time  diagram  (laboratory  coor¬ 
dinates)  showing  succesive  waves  arrivals 
on  the  terminal  face  (Ge-Cu  junction)  of  Ge 
sample . 

-  Ge  sample  thickness  :  3  mm 

-  Pressure  in  Cu  :  330  Kb  (corresponding 
pressure  in  Ge  :  about  200  Kb). 

-  1,2, 3, 4  :  Positions  of  successive  elec¬ 
trical  fronts  detected  on  fig.  7  records. 

-  Reflected  shock  wave  velocities  are  cal¬ 
culated  from  (10)  and  (12). 


Another  explanation  may  be  proposed. 

Polymorphic  transition  from  cubic  to  tetra¬ 
gonal  form/with  10  to  11  %  higher  density,  was  re¬ 
ported  by  F.P.  BUNDY  and  J.E.  KASPER  in 
(14)  (15).  This  transition  takes  place  at  lower 
pressure  than  the  metallic  transition  pressure. 
Cubic  and  tetragonal  forms  are  both  semi-con¬ 
ducting  with  nearly  same  resistivity.  So  the 
transition  from  one  to  the  other  form  may  not  be 
revealed  by  resistance  measurements  like  in 
R.  A. GRAHAM  and  al .  (10)  experimerts  . 

If  this  transition  exist  under  shock  compres¬ 
sion,  a  new  wave  has  to  be  generated.  Such  a 
wave  could  explain  the  front  2  of  our  records 
(fig.  7).  In  this  assumption  front  3  must  be  as¬ 
sociated  with  a  transition  wave  from  tetragonal 
to  metallic  phase.  With  a  measured  velocity  of 
5mm/iAS  and  a  density  of  5,86  g/cmo,  the  lowest 
value  reported  by  F.P.  BUNDY  and  J .  S  „  K  AS  PER , 
the  dynamic  transition  from  cubic  to  tetragonal 
form  would  take  place  at  133  Kb.  Metallic  tran¬ 
sition  takes  place  at  140  Kb  with  a  density  of 
5,32  g/cm3  (14-15)  so  the  two  transitions  are 
very  close  one  to  the  other. 

Authors  are  conscious  how  frail  is  the  as¬ 
sumption  made  about  this  phase  transition  in  Ge 
which  is  studied  here  with  the  junction  effect, 
origin  of  which  is  in  fact  not  well  understood. 

So  it  seems  necessary  to  study  a  junction  effect 
signal  given  by  a  metal  with  a  better  known  phase 
transition  such  as  Bismuth. 


Bismuth  : 

At  room  temperature,  Bismuth  has  several 
forms  according  to  the  pressure,  so  a  complex 
structure  wave  must  be  expected.  Previous 
works  with  various  technics  have  clearly  re¬ 
vealed  Bi  1  — ►  11  transition  at  25  Kb.  (17-19). 

Like  for  Ge  we  use  here  chronometrical  pro¬ 
perty  of  junction  effect.  Metallic  chain  is  Cu- 
Bi-CTE,  according  to  Fig.  3  configuration 
where  the  lower  B  part  is  made  of  CTE.  Bi  u- 
sed  is  high  purity  (99,999  %) . 

A  first  electrical  front  is  generated  by  the 
arrival  of  the  shock  at  the  Cu-Bi  junction.  The 
transmitted  pressure  profile  in  Bismuth, in  the 
tested  pressure-range  :  40  Kb  -  170  Kb,  is 
composed  by  one  or  several  successive  waves 
according  to  possible  induced  phase  transfor¬ 
mations  .  It  may  be  expected  that  each  wave  ge¬ 
nerates  anelectrical  signal  when  crossing  the 
Bi-CTE  junction.  Records  of  the  junction  res¬ 
ponse  show  effectively  one  or  several  electri¬ 
cal  fronts  according  to  the  pressure. 

Chronometry  of  the  different  fronts  makes 
possible  to  calculate  the  velocity  of  waves  cor¬ 
related  to  each  electrical  front. 

Typical  records  obtained  from  Cu-Bi -CTE 
chains  at  various  pressures  are  presented  on 
Fig.  10.  Waves  velocities  versus  pressure  in 
Bismuth  are  given  on  Fig.  11. 

1)  70-170  Kb  pressure  range  in  Bismuth  : 

A  record  at  170  Kb  is  given  on  Fig.  10  b. 

Front  0  indicates  the  arrival  of  the  incident 
shock  wave  at  the  Cu-Bi  interface.  Refering  to 
previous  data  on  the  HUGONIOT  of  Bismuth  (12), 
the  pressure  profil  should  present  a  single  front 
in  this  pressure  range.  However,  on  each  record 
we  may  observe  two  electrical  fronts,  1  and  1* 
behind  the  front  0.  Front  1  has  to  be  attributed 

to  the  arrival  of  the  transmitted  shock  wave  in 
Bismuth  at  the  Bi-CTE  junction.  Origin  of  front 
1'  is  not  clearly  determinated.  It  migth  be  cre¬ 
ated  by  a  reflected  shock  wave. 

2)  40  -  70  Kb  pressure  range  in  Bismuth  : 
examples  of  records  are  given  in  Fig.  10  a,  and 
10  c.  The  observed  decomposition  of  electrical 
front  1  is  interpreted  as  a  complex  structure 
wave  front.  This  assumption  is  consistent  with 
the  fact  that,  for  pressure  lower  than  70  Kb, 
the  25  Kb  wave  velocity  (2,05  mm/iis)  (12)  is 
larger  than  velocities  of  higher  pressure  waves. 
Thus  front  1  must  be  attributed  to  this  25  Kb 
shock  wave.  Our  results  show  indeed  that  the 
associated  wave  velocity  becomes  constant  wi¬ 
thin  the  experimental  error  ;  and  the  measured 
average  value  of  2, 1  mm/^s  agrees  with  the  25 
Kb  wave  velocity.  So  this  result  confirms  that 
electrical  front  1  is  well  the  25  Kb  shock  wave. 
The  very  first  electrical  front  e  of  low  ampli¬ 
tude  observed  on  some  records  may  be  attributed 
to  the  elastic  wave  in  Bismuth  (velocity 
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2MM 


Fig.  10  :  Typical  records  with  a  Cu-Bi-CTE  chain 

-  Bi  pressure  a  :  50  Kb,  b  :  170  Kb,  c  :  60  Kb 

-  Bi  sample  thickness  :  a  :  3,2  mm,  b  :  2,12  mm  ,  c  :  1,9  mm 

-  0  Shock  arrival  at  the  Cu-Bi  junction 

-  e,  1,2,3  :  Bi-CTE  signals  respectively  from  elastic  wave, 

1  st  shock  wave,  2  nd  shock  wave  and  3  rd  shock  wave. 

-  1*  signal  presumably  due  to  a  reflected  wave. 


▲  Shock  Velocity 
(mm/jjs) 


0,5 


/ 

/ 


40  50  60  70  80 


o  * V  Front 

•  23d  Front 

*  33d  Front 
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|  (Kb) 

90  100  *  *  lio  '  ^200  > 


Fig.  11  -  Velocity  correlated  with  successive  electrical  fronts  versus  incident 
wave  pressure  in  Bismuth. 
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2, 1 8  mm/u,s)  (12). 

Second  and  third  wave  velocities  correlated 
with  electrical  fronts  2  and  3  decrease  together 
with  pressure.  Values  reported  on  Fig  11  are 
Lagrangian  velocities.  In  laboratory  coordinates 
mass  velocity  due  to  precedent  waves  must  be 
taken  in  account  for  determining  absolute  velo¬ 
cities  of  the  waves  number  2  and  3  .  For  instan¬ 
ce  second  wave,  has  an  absolute  velocity  of 
0,12  mm/us  larger  than  reported  values  on 
fig.  11. 

Conclusion  : 

In  conclusion  it  can  be  seen  so  well  in  Ge  as 
in  Bi  that  electrical  effect,  although  origin  of  which 
is  still  uncertain,  seems  to  be  nevertheless  ve¬ 
ry  useful  to  study  shock  wave  velocities  and 
shock  front  decompositions. 
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QUARTZ  GAUGE  TECHNIQUE  FOR  IMPACT  EXPERIMENTS* 
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Albuquerque,  New  Mexico  87115 


The  experimental  techniques  and  construction  processes  involved 
in  performing  gun  experiments  to  determine  the  mechanical  prop¬ 
erties  of  solids  with  the  Sandia  quartz  gauge  are  described. 

The  experimental  configurations  described  include  the  sample- 
target  gauge  configuration,  the  projectile  gauge  configuration 
and  the  combination  of  both  of  these  configurations.  Methods 
of  constructing  quartz  gauges  are  outlined.  The  delay  cir¬ 
cuitry  employed  to  achieve  accurate  shock-velocity  measurements 
is  described  along  with  the  techniques  employed  in  controlling 
alignment  between  the  projectile  and  target.  Typical  instru¬ 
mentation  and  calibration  procedures  are  detailed. 


INTRODUCTION 

Planar  impact  experiments  in  which 
flat-faced  projectiles  are  accelerated 
to  preselected  velocities  in  compressed 
gas  or  propellant  guns  and  impacted,  with 
precise  alignment  control,  upon  a  target 
sample  have  become  a  routine  and  widely 
used  technique  to  study  the  properties 
of  solids  under  shock  compression.  Like¬ 
wise,  the  Sandia  quartz  gauge  has  become 
a  widely  used  shock  profile  detector 
which,  when  combined  with  impact  tech¬ 
niques,  has  proven  particularly  effective 
for  studying  the  mechanical  properties 
of  solids.  The  widespread  interest  in 
both  the  impact  experiment  and  the  quartz 
gauge  has  prompted  this  detailed  account 
of  the  experimental  techniques  which  are 
presently  employed  in  the  Sandia  27  meter 
compressed  gas  gun  (l).  Measurements  of 
the  physical  properties  of  solids  with 
impact  experiments  have  previously  been 
summarized  (2) . 

After  a  brief  background  description 
of  general  features  of  the  planar  impact 
experiment  and  the  quartz  gauge,  typical 
experimental  configurations  will  be  de¬ 
scribed,  followed  by  details  of  gauge 
construction,  timing  circuitry,  instru¬ 
mentation,  and  methods  of  alignment  con¬ 
trol. 


BACKGROUND 

The  Planar  Impact  Gun  Experiment 

The  techniques  which  have  evolved 
into  the  presently  employed  gun  experi¬ 
ments  developed  from  several  independent 
sources  during  the  late  1950s.  Although 
compressed  gas  and  propellant  guns  had 
been  used  to  accelerate  large  projectiles 
for  many  years,  the  planar  experiment 
required  the  additional  development  of 
techniques  to  achieve  precise  alignment 
control  between  the  projectile  and  the 
target.  The  first  reported  planar  im¬ 
pact  experiments  (Hughes,  et  al.  (3), 

1957;  Lundergan  (4),  I960:  Graham  (5), 
I960;  and  Brody  (6),  1961;  were  origi¬ 
nally  thought  to  be  significant  princi¬ 
pally  because  the  gun  provided  a  con¬ 
venient  method  for  achieving  shock 
stresses  less  than  100  kbar.  As  tech¬ 
niques  for  achieving  better  control  of 
alignment  between  the  impacting  surfaces 
were  developed,  it  became  apparent  that 
the  gun  experiment  offered  experimental 
capabilities  and  characteristics  not 
provided  by  other  shock  loading  techni¬ 
ques.  This  has  now  become  widely  rec¬ 
ognized  (e.g.,  7-20),  and  the  number  of 
guns  nominally  capable  of  planar  impact 
has  grown  from  less  than  ten  in  1965  to 
more  than  30  today.  The  recent  develop¬ 
ment  of  multiple  stage  light  gas  guns  (21) 
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capable  of  planar  impacts  now  permits 

pressures  of  several  megabars  to  be 

achieved.  and 


UI  “  uo  -  “T 


(2) 


The  principal  elements  of  a  gun 
experiment  are  shown  in  Fig.  1.  The 
projectile  is  accelerated  down  the  evac¬ 
uated  barrel  to  a  preselected  velocity, 
past  the  velocity  pins,  and  into  the 
target.  Precise  control  of  the  alignment 
between  the  impactor  and  the  target  is 
maintained.  Various  experimental  options 
for  the  impactor  include  facings  chosen 
to  produce  a  nominal  stress  value,  sample 
materials  to  be  studied,  quartz  projec¬ 
tile  gauges,  or  thin  fliers.  Various 
target  configurations  include  sample 
materials,  quartz  gauges,  and  reverbera¬ 
tion  plates.  Experiments  can  be  con¬ 
ducted  at  temperatures  from  -222°C  to 
1000° C. 


GAS  PRESSURE 


GUN  BARREL 

PROJECTILE 

IMPACTOR 

Facings 

Sample  Materials 

Quartz  Gauges 

Thin  Fliers  or  Combinations 


DATA  OUTPUT 

Pins 

Quartz  Gauges 


VELOCITY  PINS 

ALIGNMENT  FLANGE 

TARGET 

Sample  Materials 
Quartz  Gauges 
Reverberation  Plates 
Temperatures  -220°C  to  1000°C 
or  Combinations 


Or 


(Zl(°))  /(Zl(°)  +  Zt(°)) 


•  (3) 


where  aT  and  o-r  are  the  stress  values  in 
the  shock  propagation  directions  in  the 
target  and  impactor  respectively,  uT  and 
uT  are  the  particle  velocity  magnitudes 
imparted  by  the  impact  in  the  target  and 
impactor,  respectively;  u  is  the  impact 
velocity;  Zj  and  ZT  are  the  shock  imped¬ 
ances  (p  U)of  the1 impactor  and  target, 
respectively;  p  is  the  initial  density; 
and  U  is  the  shock  velocity.  Thus,  if 
the  impact  Hugoniots  (a  vs  u)  of  the  im¬ 
pactor  and  target  are  known,  the  instan¬ 
taneous  magnitude  of  the  stress  and  par¬ 
ticle  velocity  imparted  to  the  impactor 
and  target  can  be  calculated  directly 
from  Eqs .  1-3-  For  a  given  projectile 
velocity  the  error  in  stress  or  particle 
velocity  depends  upon  the  accuracy  of 
the  impact  velocity  measurement  and  the 
reproducibility  of  the  impact  Hugoniots. 
The  nominal  stress  vs  particle  velocity 
Hugoniots  of  typical  materials  show  var¬ 
iations  of  about  ±5#.  The  impact 
Hugoniots  of  several  useful  materials 
are  shown  in  Fig.  2.  The  data  shown  were 
all  obtained  in  direct  impact  experiments 


The  symmetrical  impact  configuration 
is  the  best  defined  loading  condition 
for  shock  compression  experiments.  If 
identical  materials  are  impacted  upon 
each  other  the  loading  is  symmetrical 
across  the  impact  interface  and 


uT  =  Uj  =  u^'2  .  (4) 


Fig.  1  -  Experimental  configurations  for 
an  impact  experiment  utilizing  quartz 
gauges.  The  experimenter  has  a  choice 
of  a  number  of  different  impactors  and 
target  configurations.  The  principal 
experimental  problem  is  to  achieve  pre¬ 
cise  alignment  between  the  impacting 
surfaces.  


An  unusually  well-defined  state  of 
stress  and  loading  conditions  is  pro¬ 
duced  in  the  samples  by  planar  impact  in 
that  both  the  impactor  and  sample  are 
loaded  directly  in  uniaxial  compression. 
Because  the  magnitudes  of  the  stress  and 
particle  velocities  at  the  impact  inter¬ 
face  are  equal,  it  follows  that: 


aT  =  Oj  ,  (1) 


With  this  configuration  the  magnitude  of 
the  particle  velocity  imparted  by  the 
impact  is  exactly  one-half  the  impact 
velocity  regardless  of  the  materials  in¬ 
volved.  Thus  the  particle  velocity  im¬ 
parted  to  the  sample  is  known  to  the  ac¬ 
curacy  of  the  impact  velocity  measure¬ 
ment.  This  accuracy  is  ±0.1#  on  our  gun. 

The  gun  experiment  also  provides  a 
convenient  method  of  varying  the  impact 
velocity  in  small  increments  such  that 
small  increments  of  stress  may  be  applied 
to  the  samples.  Furthermore,  the  gas 
gun  causes  minimal  noise  and  safety  haz¬ 
ards;  hence,  it  is  easily  incorporated 
into  conventional  laboratory  facilities. 
The  low  electromagnetic  noise  levels 
around  the  gun  experiment  are  advanta¬ 
geous  in  many  instances. 

The  principal  measures  of  the 
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Fig.  2  -  Stress  vs  particle  velocity  re¬ 
lations  measured  at  the  impact  surface 
for  facing  materials  which  have  conven¬ 
ient  impedance  values  for  various  im¬ 
pact  experiments.  The  polymethyl  metha¬ 
crylate  (PMMA)  is  especially  useful  for 
experiments  at  stress  values  less  than 
10  kbar.  A  sapphire  faced  quartz  gauge 
impactor  combination  will  result  in  a 
stress  in  the  quartz  gauge  with  a  value 
of  about  half  the  impact  surface  value, 
while  a  tungsten/quartz  impactor  will 
result  in  a  quartz  stress  of  one-third 
the  impact  surface  value.  The  various 
stress-particle  velocity  relations  are: 
PMMA  (22),  pQ  =  1.178  g/cm3,  a  =  31. 4u 
+  23. 6u2  a  <  20  kbar:  X-cut  quartz  (23), 
p0  =  2.650  g/cm3,  a  =  151. 6u  o  <  a  <  25 
kbar,  a  =  147. 3u  +  28. 6u2  25  <  a  <  60 
kbar;  sapphire  (24),  Po  =  3-986  g/cm3, 
o  -  444u  4*  13. 6u2;  tungsten  (25), 

Pp  =  19.12  g/cm3,  a  =  998u  0  <  a  <  32 

kbar,  a  =  13.2  +  596u  +  730u2, 

32  <  a  <  90  kbar. 


capability  of  a  gun  to  perform  the  impact 
experiment  are:  1)  the  "tilt”  (the  angu¬ 
lar  misalignment  between  the  impacting 
surfaces),  2)  the  velocity  range,  3)  the 
accuracy  of  the  impact  velocity  measure¬ 
ments,  and  4)  the  bore  dimension  of  the 
gun.  For  our  gas  gun  these  figures  are 
respectively  200-300urad,  0.03  to  1.5 


mm/usec,  ±0.1#  and  6.35  cm. 

The  Sandia  Quartz  Gauge 

The  Sandia  quartz  gauge  is  basically 
a  disk  of  X-cut  synthetic  quartz  with  a 
configuration  such  that  the  short- 
circuited  piezoelectric  current  response 
mode  is  employed  to  give  an  accurate 
time-resolved  measure  of  stress.  Piezo¬ 
electric  gauges  existing  before  the  in¬ 
vention  of  the  Sandia  quartz  gauge  oper¬ 
ated  in  the  charge  mode  which  gives  a 
measure  of  the  average  stress  through 
the  thickness  of  the  disk.  The  two 
gauges  utilize  basically  different  phys¬ 
ical  principles  which  should  be  explicit¬ 
ly  recognized.  In  this. pa per  only  the 
Sandia  quartz  gauge  will  be  described  and 
frequently  referred  to  as  a  quartz  gauge. 
The  basic  features  of  a  guard-ring  gauge 
are  shown  in  Fig.  3.  They  include  inner 
and  outer  plated  electrodes  with  leads 
attached,  and  an  insulating  gap  in  addi¬ 
tion  to  the  X-cut  quartz  disk  itself. 

The  short-circuited  piezoelectric 
current  can  be  related  directly  to  the 
instantaneous  value  of  the  stress  at  the 
input  electrode  through  analysis  based 
on  electrostatic  theory  (23,26,27).  The 
analysis  is  based  on  a  completely  arbi¬ 
trary  waveshape  and  shows  that  the  in¬ 
stantaneous  value  of  the  current,  i,  is 


i  =  (kA/tQ)  a(t)  ,  o<t<tQ  ,  (5) 

where  k  is  the  piezoelectric  current  co¬ 
efficient,*  A  is  the  electrode  area,  tQ 
is  the  shock  transit  time  through  the 
gauge  at  a  velocity  of  5.72  mm/usec,  and 
a(tj  is  the  stress  history  at  the  input 
electrode.  According  to  Eq.  5,  the 
gauge  requires  no  calibration,  is  not 
frequency  response  limited,  is  direct 
reading,  self-powered,  will  respond 
equally  well  to  any  wave  profile,  and 
produces  a  large  current  which  is  rela¬ 
tively  easy  to  measure.  (For  example, 
a  6.3  mm  thick  gauge  with  a  1.25  cm2 
area  produces  a  current  of  0.24  amp  at 
10  kbar.)  Because  of  these  advantageous 
features,  the  gauge  has  become  the  most 
widely  used  shock  profile  detector. 

The  generality  of  Eq.  5  to  any  wave¬ 
shape  is  a  consequence  of  severely 
limiting  restrictions  imposed  on  the 
mechanical  and  physical  properties  of 
the  gauge  material.  Exceptions  to  the 
linear  theory  of  Eq.  5  (23,28-32)  are 


*The  data  given  in  Ref.  23  can  be  fit  by 
a  linear  relation  k  =  [2.011  x  10"8  + 
1.07  x  I0~10o]  coul  cm"2  kbar-1 
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VAPOR  DEPOSITED 
Au  OVER  Cr 
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Fig.  3  -  Basic  Sandia  Quartz  Gauge  with 
sandblasted  insulating  gap  and  lead  wires 
attached  to  positive  surface  electrode. 
The  output  of  the  gauge  from  the  inner 
electrode  is  measured  across  resistive 
current  shunts.  A  shunt  is  also  used  to 
balance  the  voltage  on  the  outer  elec¬ 
trode.  The  resistor  on  the  inner  elec¬ 
trode  is  chosen  to  have  a  value  which 
gives  a  convenient  signal  level  consis¬ 
tent  with  obtaining  an  RC  time  constant 
short  compared  to  the  desired  rise  time. 
For  voltage  balance  the  resistive  load 
on  the  outer  electrode  is  chosen  to  have 
a  value  equal  to  the  resistive  load  on 
the  inner  electrode  multiplied  by  the 
ratio  of  the  inner  electrode  area  to 
the  outer  electrode  area.  


caused  by:  1)  dielectric  constant  change, 
2)  electromechanical  coupling,  3)  finite 
strain,  4)  insulating  gap  effects,  5) 
full  electrode  effects,  b)  variable  wave 
speed  effect,  7)  minus  x  orientation 
conductivity,  8)  the  unloading  conduc¬ 
tivity,  9)  the  stress  relaxation  effects, 
10)  plus  x  conductivity,  and  11)  Three- 
Zone  Model  (32)  effects. 

Although  this  list  of  exceptions  is 
formidable  the  conditions  under  which 
the  gauge  responds  accurately  are  well 
documented  and  many  of  the  effects  are 
negligible.  Thus,  a  plus  x  orientation 
disk  can  be  used  as  a  time-resolving 
gauge  to  an  accuracy  of  ±2.5#  to  a 


maximum  loading  stress  of  25  kbar . 

Studies  currently  in  progress  indicate 
that  the  accuracy  can  be  improved  to  ±1- 
2#.  Furthermore,  studies  at  stresses 
greater  than  25  kbar  are  in  progress  (31) 
and  promise  to  enable  the  gauge  to  be 
used  accurately  at  higher  stresses,  when 
a  new  nonlinear  theory  is  developed. 

TYPICAL  EXPERIMENTAL  CONFIGURATIONS 

Impact  experiments  utilizing  the 
quartz  gauge  are  performed  on  four  basic 
configurations:  1)  the  sample-target 

gauge  configuration,  2)  the  projectile- 
gauge  configuration,  3)  the  target  gauge 
configuration,  and  4)  combinations  of 
these  configurations.  The  quartz  rever¬ 
beration  plate  configuration  recently 
described  by  Lysne,  et  al.  (33)  will  not 
be  described  in  this  paper. 

Sample-Target  Gauge  Configuration 

In  many  experiments  the  mechanical 
properties  of  a  sample  are  obtained  by 
measurements  of  stress  vs  time  profiles 
at  positions  remote  from  the  impact  sur¬ 
face  (e.g.,  16,34-37).  The  sample  is 
shock  loaded  with  a  symmetric  impactor 
or  an  impactor  facing  having  a  known 
stress  vs  particle  velocity  response. 

If  the  unloading  response  of  the  sample 
is  desired,  the  impactor  may  be  thin 
relative  to  the  sample  thickness.  The 
impact  velocity  is  routinely  measured  in 
all  experiments.  The  quartz  gauge 
mounted  on  the  rear  surface  gives  a 
time-resolved  signal  proportional  to  the 
stress  at  the  quartz-sample  interface. 
The  wave  transit  times  are  obtained  by 
applying  precisely  delayed  fiducial 
signals  to  the  quartz  gauge  record. 

The  measured  stress  at  the  quartz- 
sample  interface  is  related  to  the 
incident  stress  by  recognizing  that  the 
stresses  and  particle  velocities  at  the 
interface  are  equal.  If  the  shock  im¬ 
pedance  of  the  sample  is  constant  for 
the  stress  levels  encountered  in  the 
experiment 


.  (6) 


where  an  is  the  stress  at  the  sample- 
quartz  interface,  is  the  incident 
stress  in  the  sample,  Zq  is  the  imped¬ 
ance  of  the  quartz,  and^Ze  is  the  imped¬ 
ance  of  the  sample.  If  the  stress  pulse 
is  a  single  shock  with  stress-dependent 
impedance  the  method  of  solution  de¬ 
scribed  by  Halpin,  et  al.  (22),  may  be 
employed.  Wave  profiles  with  slowly 
rising  shapes  may  be  approximated  by  a 
series  of  small  steps  in  stress.  All  of 
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these  methods  of  data  reduction  require 
that  the  arrival  times  of  the  stress 
pulses  be  measured  along  with  the  quartz 
gauge  measurements. 

These  time  measurements  are  accom¬ 
plished  as  shown  schematically  in  the 
target  gauge  portion  of  Fig.  4.  A  pair 
of  flush  trigger  pins  which  will  be  de¬ 
scribed  later  are  mounted  on  the  plane 
of  the  sample  impact  face  and  detects 
the  arrival  of  the  surface  of  the  im¬ 
pactor.  Since  the  quartz  gauge  signal 
is  also  used  to  indicate  wave  arrival 
times,  the  trigger  pulse  must  be  accu¬ 
rately  delayed  and  a  timing  fiducial 
applied  to  the  signal.  The  trigger  pulse 
is  directed  to  various  delay  generators 
through  the  trigger  fanout  circuit.  The 
trigger  pulse  is  delayed  by  a  preselected 
time  to  an  accuracy  of  ±10  nsec  and  the 
output  from  the  delay  generator  triggers 
the  oscilloscope  just  prior  to  the  ex¬ 
pected  arrival  time  of  the  stress  pulse. 
The  delayed  output  from  a  second  delay 
generator  is  then  fed  through  a  fiducial 
shaper  and  applied  to  the  oscilloscope 
through  a  modification  of  the  preampli¬ 
fier.  The  time  difference  between  im¬ 
pact  time  and  fiducial  time  is  registered 
on  a  one  nanosecond  counter.  With  cable 
lengths  matched  to  ±1  nsec,  the  time  ac¬ 
curacy  is  limited  by  the  arrival  time 
reading  from  the  quartz  gauge  record 
(which  typically  sweeps  at  100  nsec/cm) 
and  the  time  errors  introduced  by  tilt. 

With  the  alignment  techniques  to  be 
described  in  the  following  sections  the 
tilt  time  can  be  held  to  less  than  a  pre¬ 
selected  value  and  a  wave  velocity  meas¬ 
urement  of  ±1%  can  usually  be  accom¬ 
plished.  A  tilt  time  correction  can  con¬ 
veniently  be  obtained  by  measuring  the 
signals  from  both  the  outer  and  inner 
electrode  of  the  gauge.  The  nonplanarity 
and  tilt  of  the  wave-front  at  the  gauge 
is  indicated  by  the  difference  in  arrival 
time  between  the  inner  and  outer  elec¬ 
trode  signals.  A  tilt  angle  can  then  be 
calculated  as  this  time  difference  multi¬ 
plied  by  the  wave  velocity  divided  by 
the  width  of  the  outer  electrodes. 

Projectile  Gauge  Configuration 

The  mechanical  properties  of  a 
sample  can  also  be  obtained  by  impacting 
the  sample  directly  with  a  quartz  gauge 
(11,16,22,25,34).  The  most  versatile 
method  for  accomplishing  this  is  the  pro¬ 
jectile  gauge  configuration  in  which  the 
gauge  is  mounted  as  an  impactor  on  the 
projectile.  From  Eqs.  1  and  2  it  is 
apparent  that  a  measurement  of  the  gauge 
signal  and  the  impact  velocity  gives  a 
stress-particle  velocity  point  directly 
on  the  impact  Hugoniot.  These  data  are 


obtained  directly  and  unlike  measurements 
on  propagated  wave  profiles  do  not  re¬ 
quire  steady  wave  propagation  assumptions 
to  be  used  in  the  data  analysis.  This 
projectile  gauge  measurement  is  partic¬ 
ularly  useful  for  heterogeneous,  porous, 
or  highly  rate  sensitive  materials  whose 
propagated  wave  profiles  show  nonsteady 
behavior.  Additionally,  the  projectile 
gauge  configuration  allows  the  target 
sample  to  be  heated  or  cooled  without 
affecting  the  instrumentation  since  the 
gauge  does  not  contact  the  sample  until 
impact.  Rohde  (25)  and  Towne  (38)  have 
performed  experiments  by  this  technique 
to  1000°C  while  Jones  (39)  has  conducted 
experiments  at  liquid  nitrogen  tempera¬ 
tures  . 

As  indicated  in  Fig.  4  this  experi¬ 
ment  does  not  involve  the  delay  circuit¬ 
ry.  The  trigger  pin  pair  is  advanced 
above  the  sample  impact  surface  a  pre¬ 
selected  distance  to  give  an  appropriate 
trigger  advance.  The  tilt  is  indicated 
directly  from  the  rise  time  of  the  gauge 
signal. 

The  principal  limitation  to  wide  use 
of  the  projectile  gauge  configuration  is 
the  upper  stress  limit  to  which  the 
quartz  can  be  used.  For  measuring  the 
first  current  jump  response  accurately 
the  stress  should  be  limited  to  40  kbar. 
The  stress  limit  of  the  impact  experi¬ 
ment  can  be  appreciably  increased  by 
facing  the  projectile  gauge  with  sapphire 
or  tungsten.  Because  of  the  impedance 
mismatch  between  these  materials  and  the 
quartz,  the  stress  in  the  projectile 
gauge  is  approximately  one-half  the 
stress  value  at  the  impact  interface  for 
a  sapphire  facing  and  one-third  the  inter¬ 
face  stress  for  a  tungsten  facing.  Thus, 
the  upper  stress  limit  of  the  projectile 
gauge  experiment  is  120  kbar  with  a 
tungsten  facing.  When  sapphire  is  used 
as  a  facing  the  maximum  stress  is  80 
kbar  which  is  well  below  the  Hugoniot 
elastic  limit  of  120  kbar  (40) .  Although 
the  maximum  stresses  in  the  tungsten 
facings  are  well  above  the  Hugoniot 
elastic  limit  of  40  kbar  (25)  dispersion 
of  the  wave  as  it  propagates  through  the 
facing  is  not  severe. 

Target  Gauge  Configuration 

An  impact  surface  experiment  can  be 
accomplished  without  using  the  projectile 
gauge  configuration.  This  is  done  by 
mounting  the  sample  to  be  studied  as  an 
impactor  on  the  projectile  (11,22).  A 
target  quartz  gauge  is  constructed  such 
that  the  front  electrode  of  the  gauge  is 
exposed  as  the  impact  face  of  the  target. 
As  was  the  case  with  the  projectile  gauge 
no  delay  circuitry  is  required.  When 
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IMPACT  SURFACE  RECORD  BACK  SURFACE  RECORD 


Fig.  4  -  Block  diagram  of  the  circuitry  involved  in  the  simultaneous  projectile  gauge 
sample-target  gauge  experiment.  In  this  experiment  the  sample  is  impacted  by  a 
quartz  gauge  mounted  on  the  projectile.  The  signal  from  this  gauge  and  the  impact 
velocity  measurement  give  stress-particle  velocity  data  directly.  The  stress  propa¬ 
gating  in  the  sample  is  detected  by  the  target  gauge.  This  gauge  also  gives  arrival 
time  data  for  the  various  stress  amplitudes  which  when  combined  with  the  impact  sur¬ 
face  record  and  the  precise  time  delay  circuitry  gives  precise  shock  velocity  data. 
The  delay  generators  are  TRW  Model  46A.  The  1  nsec  counter  is  Eldorado  Model  796. 
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the  impactor  is  an  X-cut  quartz  disk  this 
configuration  is  used  to  study  the  prop¬ 
erties  of  the  quartz  gauge  (8,23,30,31). 

Combined  Sample  Target-Gauge 
and  Projectile-Gauge  Configuration 

Although  somewhat  more  difficult  to 
perform,  the  most  powerful  of  the  tech¬ 
niques  employs  a  configuration  combining 
the  projectile  gauge  experiment  with  the 
sample-target  gauge  configuration  (11,19, 
22,34) .  This  experiment  gives  two  inde¬ 
pendent  measurements  of  the  mechanical 
response;  the  impact  surface  response  and 
the  propagated  wave  profile.  In  addition 
the  effect  of  tilt  timing  measurements 
is  cancelled  if  the  detection  areas  of 
both  gauges  are  the  same  diameter. 

The  entire  experimental  set-up  shown 
in  Fig.  4  is  used  in  this  " f ront-back" 
experiment.  In  addition  to  the  delay 
circuitry  used  in  the  sample-target  gauge 
configuration  a  fiducial  must  be  applied 
to  the  projectile  gauge  signal.  The 
time  difference  between  the  two  fiducials 
is  indicated  to  ±1  nsec  by  the  counter. 
This  technique  will  provide  wave  transit 
times  accurate  to  a  few  nanoseconds. 

CONSTRUCTION  TECHNIQUES 

The  quartz  gauge  has  three  basic 
configurations:  the  guard  ring  (23),  the 

shorted  guard  ring  (41,42)  and  the  full 
electrode  (27).  Since  the  guard  ring 
gauge  is  the  most  universally  used,  the 
present  paper  will  concentrate  on  methods 
of  fabricating  this  gauge.  The  construc¬ 
tion  techniques  are  designed  to  produce 
a  highly  reliable  response  free  from 
spurious  signals.  The  most  difficult 
problem  in  this  regard  is  to  insulate 
the  gauge  against  the  very  high  electric 
fields  X~10®  volt/cm  at  20  kbar)  which 
exist  in  the  disk,  along  the  sides  of  the 
disk,  and  in  the  insulating  ring  (28) . 

Quartz  Gauge  Preparation 

The  quartz  gauge  may  be  purchased 
from  the  manufacturer  in  various  stages 
of  completion.  It  is  available  as  a 
bare  transparent  disk  of  quartz  with 
both  surfaces  polished  to  a  plate  glass 
finish  and  a  grind  finish  perimeter.  It 
is  optically  flat  and  parallel  to  within 
3  fringes  of  monochromatic  helium  light 
and  its  surfaces  are  oriented  and  cut 
perpendicular  to  the  crystallographic  X 
axis  within  2  degrees.  It  may  be  ob¬ 
tained  with  an  electrode  of  vapor  depos¬ 
ited  gold  over  chromium  applied  to  one 
or  possibly  both  of  the  disk  surfaces. 
When  only  one  surface  is  plated  the 
plating  is  deposited  on  the  positive 
polarity  surface.  The  polarity  is 


identified  with  the  aid  of  either  an 
electrometer  or  a  polarity  detector  (43) 
(Esprit  Enterprises  model  PD  2709) . 
Certain  manufacturers  are  capable  of 
sandblasting  the  insulating  gap,  de¬ 
scribed  later,  through  the  positive  sur¬ 
face  plating  to  form  the  guard  ring  con¬ 
figuration.  Additional  electroding  on 
the  perimeter  and  negative  surface  pro¬ 
duces  a  shorted  guard  ring. 

The  quartz  disk,  when  received  from 
the  manufacturer,  is  thoroughly  inspected 
before  it  is  assembled  into  a  gauge 
assembly.  The  quartz  interior  is  care¬ 
fully  examined  for  acmite  inclusions, 
seedveils,  bubbles,  twinning  and  cracks 
so  as  to  avoid  later  difficulties  with 
questionable  records.  The  more  stringent 
the  environment  on  the  quartz  gauge,  such 
as  measurements  above  20  kbars  and  short 
duration  pulse  measurements  at  stresses 
greater  than  10  kbars,  the  more  impor¬ 
tant  it  becomes  to  obtain  flaw-free 
crystals . 

Surface  imperfections  which  influ¬ 
ence  quartz  gauges  are:  inadequate 
chromium  plating,  inadequate  or  poorly 
adhering  gold  plating,  gold  blobs  rising 
above  the  electrode  surfaces,  and  warped 
or  distorted  surfaces.  Other  surface 
problems  are:  wide  guard  ring  gaps, 
high  resistance  solder  joints,  and  micro¬ 
scopic  cracks  beneath  overheated  solder 
joints.  Surface  contamination  leads  to 
the  most  severe  problem,  that  of  elec¬ 
trical  breakdown  along  the  crystal  perim¬ 
eter  and  across  the  insulating  gap. 

The  internal  flaws  and  solder  joints 
are  best  observed  through  the  trans¬ 
parent  surface  of  the  quartz  opposite  to 
the  guard  ring  electrode.  Prior  to  en¬ 
capsulation,  a  vapor  deposited  electrode 
is  generally  not  required  on  the  nega¬ 
tive  face  since  this  surface  can  either 
be  electroded  after  encapsulation  or  it 
will  be  faced  with  a  conductive  sample 
which  provides  the  electrode.  Likewise, 
the  impactor  quartz  gauge  need  not  be 
electroded  before  assembly  since  it  will 
require  additional  electroding  after 
assembly.  The  visibility  of  internal 
flaws  is  enhanced  by  edge  lighting  the 
disk  with  a  strong  light  source. 

If  the  crystal  has  been  purchased 
with  an  electrode  on  the  negative  sur¬ 
face,  the  gold  can  be  removed  with  aqua 
regia.  The  underlying  chromium  is 
stripped  with  hydrochloric  acid.  Occa¬ 
sionally,  chemical  action  has  to  be 
initiated  by  scratching  the  chrome  sur¬ 
face  beneath  the  acid  with  a  metal 
scribe.  A  dam  is  formed  to  contain  the 
acids  by  wrapping  the  quartz  perimeter 
with  teflon  adhesive  tape  (Mystik  Tape 
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Inc.,  No.  7504). 

After  the  thickness  of  the  crystal 
is  measured  with  a  0.0001  inch  indica¬ 
ting  micrometer,  the  insulating  gap  is 
sandblasted  through  the  positive  surface 
plating  by  one  of  two  methods.  Diameters 
smaller  than  1  cm  are  cut  with  the  aid 
of  a  concentric  masking  disk  and  washer. 

A  more  uniform  gap  is  cut  on  diameters 
larger  than  1  cm  by  rotating  the  crystal 
in  a  jeweler's  lathe  while  sandblasting 
with  a  0.003  x  0.020  inch  rectangular 
nozzle.  (The  nozzle  #351-1937,  27  micron 
alumina  abrasive  and  the  abrasive  blasting 
unit  was  obtained  from  S.  S.  White,  Inc.). 
Immediately  after  cutting  the  gap,  meas¬ 
urements  are  made  of  the  gap  0D  and  ID 
at  various  positions  using  a  400  power 
depth  measuring  microscope  with  a  0.0001 
in.  resolution  micrometer  stage.  The 
gap  is  cut  into  the  quartz  a  depth  of 
about  0.0005  inch.  To  prevent  the  gap 
from  becoming  contaminated,  it  is  imme¬ 
diately  painted  with  an  artist's  brush 
using  10  parts  epoxy  resin  mixed  with 
one  part  N-Hep  hardener  (described  later), 
and  then  evacuated  at  <5  mm  Hg  for  three 
minutes.  Cure  is  accelerated  under  a 
heat  lamp. 

The  electrical  leads  are  attached 
to  the  vapor  plating  with  a  low  tempera¬ 
ture  soldering  technique  using  indium 
metal  which  melts  at  150°C.  Leads  are 
formed  from  #22  tinned  copper  wire  5  cm 
in  length  with  a  2  mm  90°  bend  on  one 
end.  The  bend  is  " tinned”  with  indium 
solder  which  forms  a  small  ball.  A 
230°C  controlled  temperature  20  watt 
pencil  iron  (Weller  #W-TCP-2)  is  dipped, 
while  hot,  into  a  paste  flux  containing 
zinc  chloride  (Blue  Seal  Chemical  Co.); 
then  it  is  coated  with  indium.  After 
redipping  in  flux,  the  indium  coated 
iron  is  immediately  pressed  against  the 
wire  bend  on  the  gold  surface  until  the 
indium  wets  the  surface,  whereupon  the 
iron  is  withdrawn.  This  technique  trans¬ 
fers  a  thin  film  of  flux  which  is  ade¬ 
quate  but  does  not  contaminate  the  sur¬ 
face.  Two  leads  are  attached  to  the 
inner  area  and  two  to  the  outer.  This 
allows  electrical  continuity  to  be  tested 
after  potting.  Overheated  indium 
solder  joints  are  observed  as  slight  dis¬ 
colorations  in  the  chromium  layer  when 
viewed  through  the  negative  surface  of 
the  quartz.  Since  indium  is  very  soft, 
it  will  deform  slightly  when  the  crystal 
is  encapsulated,  thus  reducing  lead 
stresses  on  the  crystal.  The  four  wires 
can  now  be  used  as  a  handle  to  support 
the  crystal  in  future  operations.  To 
prevent  strain  on  the  solder  connection, 
the  coaxial  cable  is  not  attached  until 
after  the  unit  is  potted. 


The  perimeter  of  the  crystal  is 
thoroughly  sandblasted  with  alumina 
abrasive  to  remove  pencil  marks,  vapor 
plating  and  finger  prints.  The  surfaces 
are  protected  during  this  operation  by 
being  sandwiched  between  two  flat  lucite 
washers  having  inside  diameters  slightly 
smaller  than  the  crystal.  To  maintain 
strict  cleanliness  the  virgin  crystal 
perimeter  is  not  touched  after  the  sand¬ 
blasting. 

Table  I  summarizes  the  characteris¬ 
tics  of  a  well  constructed  guard  ring 
gauge . 

TABLE  I 

Characteristics  of  a  Well-Constructed 
Guard  Ring  Quartz  Gauge 


1.  The  X-cut  quartz  disk  has  low 

acmite  content,  is  free  of  seedveils 

and  twins,  and  is  accurately  dimensioned. 

2.  The  vapor  plating  adheres  well  to 
the  flat  surfaces  of  the  disk  and  is 
clean  and  free  of  plating  lumps. 

3.  The  lateral  surfaces  are  sand¬ 
blasted  clean. 

4.  The  outer  electrode  is  equal  to  or 
greater  than  1.5  times  the  thickness  of 
the  gauge  (23). 

5.  The  area  of  the  insulating  gap  is 
not  more  than  of  the  inner  area  (23). 

6.  The  insulating  ring  is  narrow, 

(about  0.0035  in),  free  of  conducting 
material,  and  has  well-defined  edges. 

7.  The  thermal  shock  produced  when  the 
connection  is  made  to  the  vapor  plating 
has  not  cracked  the  quartz  surface. 

8.  The  connections  to  the  coaxial 
electrical  leads  are  short  and  do  not 
stress  the  solder  joint. 

9.  The  insulating  ring  and  lateral 
surfaces  are  well-insulated  with  low 
shrinkage  epoxy  with  high  dielectric 
strength  which  adheres  well  to  the 
surface . 

10.  Intimate  contact  is  achieved  be¬ 
tween  the  sample  and  the  gauge. 


Sample-Target  Gauge  Assembly 

The  sample-target  gauge  unit  is 
shown  in  Fig.  5.  The  unit  is  prepared 
against  a  removable  assembly  plate  to 
maintain  flatness  of  the  sample  and 
insure  parallelism  with  the  target  cup 
flange.  The  assembly  plate  and  holder 
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Fig.  5  -  Cutaway  view  of  sample  target 
gauge  assembly  mounted  on  the  flat 
assembly  plate.  The  entire  unit  is  held 
in  place  against  the  plate  and  encapsu¬ 
lated  with  epoxy  potting.  The  quartz 
cyrstal  and  target  material  are  held  in 
intimate  surface  contact  during  epoxy 
encapsulation  and  cure  procedure.  After 
the  epoxy  has  cured,  the  entire  target 
assembly  is  removed  from  the  plate.  The 
individual  parts  shown  are:  1)  Nylon  Rod, 
used  to  press  target  gauge  and  sample 
against  assembly  plate.  Numerous  rods 
may  be  used  for  thinner  gauges  as  well  as 
nylon  disks  for  gauges  of  thinner  than 
0.15  inches.  2)  Indium  Soldered  Lead 
Wires.  These  short  wires  are  later 
connected  to  coaxial  cables  and  load 
resistors  after  potting.  3)  Cable, 

Raychem  Corp.  type  22-174,  1  ft.  Con¬ 
ducts  impactor  gauge  signal  from  contact 
subtending  a  95  arc  to  air  dielectric 
cable.  4;  95°  Center  and  Ground  Con¬ 
tacts.  Couples  signal  from  one  of  four 
flying  contactors  on  projectile  gauge. 

5)  Mold  Release  surface  coating.  Miller- 
Stephenson  Chemical  Co.,  type  MS122. 

6)  Signal  Ground  Ring.  Provides  connec¬ 
tion  to  negative  quartz  surfaces.  Pre¬ 
vents  shock  reverberation  from  causing 
contact  bounce.  7)  Trigger  Cable  and 
Connector.  8)  Flanged  Lucite  Container. 
Machines  easily  for  tilt  control  and 
contains  epoxy  during  cure. 


permits  the  target  cup,  sample,  gauge, 
ground  connections  and  trigger  pins  to 
be  firmly  held  in  place  while  the  entire 
assembly  is  encapsulated  with  epoxy 


potting.  The  surface  of  the  assembly 
plate  is  coated  with  a  Teflon  mold  re¬ 
lease  so  that  when  the  epoxy  has  hard¬ 
ened  the  entire  target  assembly  can  be 
removed  from  the  plate.  The  assembled 
unit  as  it  comes  from  the  plate  is 
usually  parallel  to  the  holding  flange 
of  the  target  cup  to  within  1  x  10“4 
radian.  The  quartz  gauge  may  be  assem¬ 
bled  behind  the  target  sample  for  trans¬ 
mitted  wave  measurements  or  it  may  be 
assembled  directly  against  the  assembly 
plate  for  impact  surface  measurements. 

The  assembly  plate  technique  is  followed 
for  either  configuration. 

Assembly  plate  preparation  commences 
with  machine  lapping  of  the  surface  to 
remove  previously  deposited  mold  release 
and  epoxy.  To  achieve  good  adhesion 
with  the  mold  release  the  surface  should 
not  be  polished.  After  spraying  and 
drying  the  first  heavy  coat  of  mold  re¬ 
lease,  the  surface  is  burnished  by  vig¬ 
orous  rubbing  with  paper  wipers.  The 
surface  is  then  resprayed  with  two  more 
light  coats.  Viewing  this  coating  at  a 
low  angle  may  disclose  minute  lumps 
which  must  be  removed. 

Sample  surfaces  are  prepared  by 
lapping  previously  machined  disks  on  a 
12  inch  Lapmaster  machine  to  a  flatness 
of  one  to  two  fringes  (11.6  Min)  as 
indicated  with  an  optical  flat  and  mono¬ 
chromatic  light.  Parallelism  between 
surfaces  is  achieved  by  shifting  a 
weighting  disc  to  the  high  (thickest) 
side  of  the  sample  during  lapping. 

One  of  the  most  important  consid¬ 
erations  during  assembly  is  the  inter¬ 
face  between  the  gauge  and  target.  In 
order  to  prevent  a  perturbation  to  the 
stress  profile  at  the  interface,  abra¬ 
sives,  thick  electrodes,  gold  blobs, 
dust  particles  or  any  other  foreign 
matter  larger  than  a  few  microinches  will 
be  eliminated.  After  a  thorough  final 
cleaning  of  these  surfaces  with  200  proof 
ethyl  alcohol  on  lintless  tissue  they 
are  dried  with  pressurized  filtered  air. 
The  surfaces  are  checked  for  contamina¬ 
tion  with  a  well-cleaned  optical  flat. 

A  total  fringe  count  of  less  than  5 
fringes  is  acceptable.  Ideally,  one  or 
two  of  these  fringes  form  concentric 
circles  if  no  foreign  material  is  pres¬ 
ent.  The  gauge  and  target  surfaces  are 
then  quickly  wrung  together  before  they 
become  contaminated.  A  test  may  be  per¬ 
formed  for  intimate  interface  conditions 
by  tilting  the  assembled  sample  and 
gauge  about  25  degrees  from  horizontal. 

If  the  materials  adhere  to  each  other 
for  3  to  5  seconds  without  sliding,  good 
interface  conditions  exist. 

The  mated  target  and  gauge  are 
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placed  against  the  coated  assembly  plate, 
the  flanged  container  placed  down  around 
it,  and  the  two  made  concentric  by  means 
of  three  nylon  rods  distributed  in  the 
annular  space  and  later  removed.  The 
mated  pieces  are  then  held  in  place  with 
expendable  non-conductive  rods  which 
eliminate  additional  capacitive  coupling 
between  electrodes  caused  by  metal  rods. 
Gauges  thinner  than  0.15  inches  are  held 
with  a  nylon  disk  to  prevent  warpage. 
Concentricity  of  target  disks  and  con¬ 
tainer  is  maintained  within  0.005  in.  to 
minimize  the  influence  of  potting  shrink¬ 
age  on  tilt  and  to  enable  accurate  concen¬ 
tricity  between  target  and  impactor. 

Prior  to  assembly  interior  surfaces 
of  lucite  cups  and  metal  containers 
which  form  the  outer  shell  of  assembled 
targets  and  projectile  gauges  are  sand¬ 
blasted  to  improve  epoxy  adhesion. 

Ground  connections  are  formed  to  the 
quartz  gauge  by  one  of  three  methods: 

1)  if  the  sample  is  electrically  conduc¬ 
tive,  a  signal-ground  ring  is  connected 
to  it,  as  shown  in  Fig.  5;  or  2)  in  the 
exposed  target  gauge  configuration  a 
vapor  deposited  metal  such  as  aluminum, 
having  a  resistance  of  0.10/square,  is 
placed  across  the  entire  impact  surface 
connecting  the  ground  ring  to  the  gauge, 
or  3)  when  measurements  are  made  on  a 
non-conductive  sample  the  sample  surface 
is  vapor  coated  and  assembled  as  in 
method  1.  This  later  case  is  a  situa¬ 
tion  where  the  shorted-guard-ring  may  be 
simpler  to  construct.  The  length  of  the 
signal  ground  ring  in  the  shock  direction 
exceeds  the  length  of  the  quartz  thus 
preventing  shock  reverberations  from 
causing  contact  bounce  with  a  subsequent 
loss  of  signal  or  noisy  records. 

Controlled-shrinkage  doubly-evacua¬ 
ted  transparent  epoxy  resin*  is  used  to 
encapsulate  the  target  assembly  inside 
the  cup.  The  2%  volumetric  reduction 
causes  the  cured  epoxy  to  shrink  away 
from  the  plane  of  impact  about  0.005 
inches.  This  prevents  shocks  from  being 
initiated  within  the  epoxy  prior  to 
those  in  the  target  sample.  The  6% 
shrinkage  of  many  epoxies  will  deform 
samples  and  crystals.  The  use  of 


transparent  epoxy  permits  the  inspection 
of  the  gauge  epoxy  interfaces  after  en¬ 
capsulation  for  good  adhesion.  Filled 
epoxies  are  generally  not  transparent 
and  some  actually  swell  after  cure, 
possibly  opening  a  gap  between  the  quartz 
and  sample.  Tests  indicate  that  our 
epoxy  formulation  flows  into  the  micro¬ 
inch  gap  between  the  quartz  and  sample 
forming  a  bond  between  them.  This  bond 
contains  no  large  foreign  matter  that 
is  so  difficult  to  filter  from  uncured 
epoxies  and  hardeners.  This  is  a 
crucial  role  of  the  evacuation  process. 

After  the  cured  assembly  has  been 
held  in  the  assembly  plate  holding  appa¬ 
ratus  for  about  24  hours  it  is  removed. 

A  thin  layer  of  cured  epoxy  now  remains 
on  impact  surface  which  is  removed  with 
methylene  chloride.  This  solvent  is 
held  in  place  with  an  automotive  body 
putty  dam  (3M  Co.  #1167)  surrounding  the 
crystal  or  target.  Hand  polishing  with 
1  micron  alumina  on  an  alcohol  wet  rag 
produces  a  radius  on  sharp  corners, 
cleans  the  surface  for  subsequent  vapor 
coating,  and  polishes  it  for  in-depth 
inspection.  An  optical  flat  placed  on 
the  impact  surface  and  illuminated  with 
monochromatic  light  permits  detection 
of  any  bowing,  wrinkling  or  undesirable 
particles  that  may  be  present. 

After  measuring  the  flatness  and 
parallelism,  the  load  resistors  and  co¬ 
axial  cables  are  soldered  to  the  lead 
wires.  Vapor  coating  the  impact  surface, 
if  necessary,  finalizes  the  unit  for  the 
experiment . 

Projectile  Gauge 

The  quartz  projectile-gauge  is  a 
separate  and  complete  assembly  that  is 
attached  to  the  projectile  with  screws 
as  shown  in  Fig.  6.  It  is  a  versatile 
unit  which  may  be  attached  to  any  weight 
or  any  length  projectile.  The  assembly 
is  constructed  with  various  diameter 
and  thickness  crystals  for  off-the-shelf 
type  of  selection.  During  mounting,  the 
assembly  can  be  adjusted  to  compensate 
for  any  lack  of  perpendicularity  between 
the  gauge  surface  and  the  projectile 


*Epoxy  is  formulated,  evacuated  and  cured  as  follows:  A)  Pour  together  100  parts 
by  weight  Epon  828  or  Hysol  2038  and  6  parts  Hydroxyethyl  Piperazine  hardener  from 
Union  Carbide  Co.  B)  Stir  and  heat  to  175-18CTF.  C)  Maintain  temperature  for  5 
minutes  during  exothermic  reaction.  Cool  slightly  as  necessary  when  mixing  large 
batches.  D)  Cool  to  120°F  in  "double  boiler"  containing  icewater.  E)  Evacuate  mix¬ 
ture  for  5  minutes  at  3  mm  Hg.  F)  Pour  into  sample  container  to  a  depth  only  slightly 
covering  the  quartz  positive  surface  or  nylon  disk  top  when  assembling  targets.  Pour 
to  cover  resistors  in  the  projectile  gauge  assembly.  G)  Evacuate  completed  assembly 
for  5  minutes  at  3  mm  Hg.  H)  Place  uncured  assembly  in  oven  adjusted  to  105°  ±  5° 
for  28  to  36  hours.  I)  Cool  the  cured  assembly  and  let  it  stand  for  24  hours  before 
removing  assembly  surface  plate. 
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Fig.  6  -  Cutaway  view  of  projectile  gauge  assembly  mounted  on 
a  projectile.  Since  the  gauge  impacts  directly  on  the  target 
sample  this  configuration  gives  the  stress  particle  velocity 
response  of  the  sample  directly.  Current-time  signals  from 
the  quartz  gauge  are  conducted  through  flying  contacts  to  the 
recording  instrument. 


sides  by  sanding  the  surface  which  is 
attached  to  the  projectile. 

The  quartz  gauge  crystal  is  encap¬ 
sulated  within  an  aluminum  ring  which 
also  contains  the  flying  contactors, 
load  resistor,  and  electrical  connections 
and  forms  a  complete  gauge  unit.  The 
crystal  preparation  and  assembly  tech¬ 
niques  are  identical  to  those  used  in 
preparing  the  target  assembly  previously 
described. 

Electrical  signal  connections  are 
made  to  the  unit  just  prior  to  impact. 
There  are  four  equally  spaced  flying 
contactors  extending  ahead  of  the  unit, 
one  of  which  must  impinge  within  the  95° 
arc  segment  of  the  center  contact  (the 
remaining  contactors  enter  the  receiver 
groove  surrounding  the  target  sample 
which  prevents  the  introduction  of  a 
stress  wave  within  the  epoxy).  Thus,  a 
signal  path  is  established  independent 
of  the  angular  orientation  of  the  pro¬ 
jectile  within  the  barrel.  The  flying 
contactor  length  is  adjusted,  by  means 
of  a  lead  tin  solder  buildup,  to  com¬ 
plete  the  connection  0.003  inches  prior 


to  impact.  Stationary  signal  ground 
contacts,  which  are  also  95°  arc  seg¬ 
ments,  are  placed  on  each  side  of  the 
center  contact.  Solder  buildup  on 
the  four  corners  of  these  segments  com¬ 
plete  connection  0.005  inches  prior  to 
impact.  A  short  length  of  22-174  Ray- 
chem  Corp.  coaxial  cable  is  attached  to 
the  three  95°  segments  and  extends  away 
from  the  target  assembly  to  larger  cable 

TIMING  CIRCUITS 

Fiducial  Timing 

In  order  to  obtain  nanosecond 
timing  for  the  fiducial  and  delay  system 
previously  mentioned,  a  fiducial  shaper 
and  oscilloscope  adaptation  is  employed. 
The  delay  generators  do  not  have  suit¬ 
able  output  wave  shapes  for  presentation 
on  oscilloscopes  operating  at  sweep 
rates  faster  than  200  nsec/cm.  There¬ 
fore,  the  wave  forms  are  reconstructed 
by  fiducial  shapers,  shown  in  Fig.  7, 
which  generate  spikes  of  less  than  2 
nsec  rise  and  fall  times.  Trigger 
threshold  settings  within  the  nanosecond 
counter  become  relatively  unimportant 
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Fig.  7  -  Complete  schematic  diagram  of 
fiducial  shaper  and  fiducial  input  mod¬ 
ification  to  the  oscilloscope.  The  pulse 
from  the  delay  generator  is  regenerated 
into  a  sharp  spike  by  the  avalanche  tran¬ 
sistor  and  the  capacitor  before  it  is 
injected  into  oscilloscope  input  follower 
stage.  The  individual  parts  shown  are: 

Ai -Attenuator,  coaxial  5X,  Tektronix  type 
011-0060-0l.  Ci -Capacitor,  30  pf  mica. 

Di -Delay  Cable,  5  ft,  5  Msec,  Columbia 
Technical  Type  HH-4000.  D2 -Delay  Cable, 

1  ft  miniature  500.  Hi -Housing,  Tek¬ 
tronix  type  011-0081-00  modified  with 
additional  BNC  connector.  MTi -  Matching 
Tee  Power  Divider ,  General  Radio  type  874- 
TPD.  Ri -Resistor,  510  1/2  W.  R2 -Resis¬ 
tor  1K0  1/2  W.  R3 -Resistor,  510  1/4  W. 

R4 -Resistor,  150K0  1  W.  Ri 38 -Resistor, 
existing  7500.  Qi -Transistor,  NS1110. 

Vi -Vacuum  Tube,  existing  7586. 


when  the  inputs  are  presented  wave  forms 
of  this  character.  The  fiducial  display 
on  the  scope  trace  damps  to  zero  in  a  few 
nanoseconds  to  prevent  interference  with 
the  quartz  record. 

Due  to  uncertainties  in  the  propaga¬ 
tion  times  of  signals  through  preampli¬ 
fiers,  distributed  amplifiers  and  delay 
lines  among  the  various  oscilloscopes, 
a  method  was  devised  to  introduce  the 
fiducial  pulse  into  the  scope  input 
follower  stage  where  input  signal  delay 
times  of  less  than  1  nsec  exist. 

Attempts  at  signal  mixing,  at  positions 
near  or  before  the  scope  input,  caused 
undesirable  attenuation  and  multiple  re¬ 
flections  along  the  signal  cable.  The 
fiducial  signal  is  injected  into  the 
cathode  circuit  of  the  follower  stage 
which  acts  as  a  buffer  to  isolate  input 
attenuators  and  input  cable  circuits. 

This  easily  added  circuit,  composed  of  a 
short  length  of  50  ohm  cable  D2 ,  and  a 
50  ohm  terminating  resistor  R3 ,  has  a 
20  volt/cm  sensitivity.  A  4  volt  peak 
fiducial  pulse  produces  a  satisfactory 
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amplitude  on  the  scope  trace. 

The  fiducial  shaper  output  exceeds 
20  volts,  hence  coaxial  attenuators  are 
necessary  although  some  attenuation  is 
derived  from  the  matching  tee,  MTi  , 
which  divides  the  pulse  between  the  scope 
input  and  counter  inputs.  The  shaper 
incorporates  an  avalanche  transistor 
with  a  charged  capacitor  that  discharges 
with  a  short  time  constant.  Collector 
bias  and  capacitor  charging  current  is 
supplied  through  a  5  microsecond  delay 
line,  Di ,  to  prevent  multi  fiducial 
pulsing  during  one  sweep  interval.  At¬ 
tenuator  Ai  prevents  base  overdriving 
from  the  delay  generator  output.  The 
absolute  time  interval  between  gauge 
wave  forms  is  derived  from  the  interval 
between  fiducial  time  marks  and  the 
remaining  interval  on  the  scope  time- 
base.  This  timebase  is  calibrated  from 
a  50  mHz  standard  crystal  oscillator. 

Impact  Timing  with  Trigger  Pin  Pairs 

The  application  of  charged  coaxial 
cables  to  the  measurement  of  impact 
timing  and  projectile  velocity  has  been 
previously  described  (44).  An  improved 
version  of  these  circuits  is  shown  in 
Fig.  8.  The  impact  timing  or  trigger 
circuit  is  seen  at  the  left  side  of  the 
illustration.  Within  a  few  nanoseconds 
prior  to  impact,  the  trigger  pin  pair  is 
contacted  by  metal  on  the  impactor  which 
connects  the  outer  (shield)  conductor 
of  a  charged  coaxial  cable  to  the  center 
conductor.  The  total  electrical  path 
length  external  to  the  cable  is  only  a 
few  thousandths  of  an  inch  which  mini¬ 
mizes  the  effect  of  open  wire  inductance 
and  radio  frequency  radiation  into  sur¬ 
rounding  circuits.  The  shield  pin  is 
advanced  0.001  inch  ahead  of  the  center 
pin  to  establish  the  important  ground 
path  first.  When  the  center  contact  is 
made,  a  50  volt  discharging  pulse  with 
less  than  3  nsec  rise  time  is  induced 
in  the  trigger  cable.  Cable  lengths 
are  cut  to  achieve  ±1  nsec  simultaneity 
at  the  termination  points . 

Projectile  Timing  with  Velocity  Pins 

At  the  right  side  of  Fig.  8,  a 
block  diagram  of  the  velocity  circuit  is 
shown  which  in  most  respects  is  identical 
to  the  impact  timing  circuit.  The  veloc¬ 
ity  pins  protrude  1  mm  into  the  bore 
through  the  side  of  the  barrel  with 
either  1  or  2  cm  separation.  They  are 
alternately  charged  positively  and  neg¬ 
atively.  The  projectile  occasionally 
floats  within  the  barrel  and  thus  may 
become  a  charged  capacitor  when  it  con¬ 
tacts  a  charged  pin.  Alternate  pin 
polarity  insures  that  a  current  flow 
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RG63B/U  UNTERMINATED 
FOR  OSCILLOSCOPE  AND 
DELAY  GEN.  TRIGGER 

Fig.  8  -  Circuit  and  block  diagram  of  charged  coaxial  cable  system  for  event  timing 
and  velocity  measurements .  Nanosecond  timing  pulses  are  generated  by  discharging 
the  cables  with  contacts  at  one  end.  The  location  of  the  velocity  pins  is  estab¬ 
lished  in  place  in  the  barrel  to  within  ±0.0002  inch  with  the  pin  adjuster  and  pin 
location  indicator.  The  individual  parts  shown  are:  Ci ,  C2,  C3  and  C4  -  Capacitor 
500  pf  mica,  in  General  Radio  Insertion  Unit  87 4X.  Ki  -  Connector  type  031-0050 
with  Microdot  500,  Mininoise  cable.  K2 ,  K3 ,  K4  and  Ks  -  Coaxial  cable,  500,  1/2  in. 
dia.,  foamed  dielectric.  Pi  -  Connector,  031-0050  Microdot.  Rx  -  Resistor,  220K0 
1/4  W.  R2  -  Resistor,  3K0  5  W.  RYi  -  Relay,  mercury  reed,  make  before  break,  C.P. 
Clare  type  HGSM.  Ti ,  T2,  T3  and  T4  -  Transformer,  pulse,  Tektronix  type  017-012. 

Ts  -  Transformer,  pulse.  Pulse  Engineering  type  EF  71-2432  housed  in  insertion  unit. 
TICi  ,  T1C2,  and  T1C3  -  Time  Interval  Counter,  10  nsec,  Hewlett  Packard  type  5275A. 
NE51-Neon  Lamp.  The  mercury  relays  are  used  for  pre-shot  testing  of  all  circuits. 


will  be  established  in  the  cables  with 
each  projectile  contact.  Pins  which  are 
placed  in  direct  alignment  along  the 
barrel  will  successively  deform  the  pro¬ 
jectile  surface  with  each  impact  which 
changes  the  effective  distance  of  pro¬ 
jectile  travel.  This  problem  is  elimin¬ 
ated  by  staggering  the  placement  of  each 
velocity  pin  by  1.5  mm  so  that  it  may 
impact  on  a  fresh  projectile  surface. 

The  exact  location  of  each  velocity 
pin  contact,  along  the  axis  of  the 
barrel,  is  adjusted  and  measured  with 
the  aid  of  a  mechanical  device  shaped 
like  a  fine-pitched  screw.  The  device, 
called  a  velocity  pin  spacer  and  indica¬ 
tor,  is  inserted  into  the  barrel  with  its 
flattened  surface  oriented  to  prevent 


pin  bending.  When  the  flat-sided  helical 
grooves  are  rotated  in  the  barrel  they 
contact  the  pins  in  the  same  manner  as 
the  projectile.  The  zero  position  on 
the  spacer  indicator  shoulder  is  aligned 
with  a  position  mark  on  the  end  of  the 
barrel.  The  pins  are  thus  bent  to  a 
known  position  relative  to  the  end  of 
the  barrel,  and  are  measured  with  the 
same  instrument  by  reengagement  of  the 
indicator  shoulders  and  observation  of 
the  mils  graduation  where  the  neons  NE- 
51  extinguish.  The  spacer-indicator  was 
previously  calibrated  to  an  accuracy  of 
±50  x  10"  inches  so  that  it  may  be  used 
with  confidence  to  measure  the  location 
of  the  pins  to  within  ±0.0002  inch. 

Times  between  successive  pin  closures 
are  measured  to  within  ±10  ns.  Thus, 
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three  average-velocity  determinations  are 
made  during  each  shot  with  0.1#  consis¬ 
tency. 

QUARTZ  GAUGE  SIGNAL  TRANSMISSION 
AND  RECORDING 

The  time  resolution  of  absolute 
values  of  stress  as  detected  by  the  quartz 
gauge  is  system  limited  by  the  rise  time 
capabilities  of  the  signal  transmission 
and  the  recording  systems.  For  this 
reason  care  should  be  exercised  in  se¬ 
lecting  coaxial  cables,  connectors,  term¬ 
inators  and  oscilloscopes  with  rise  time 
capabilities  suitable  for  detecting  the 
rapid  change  (< 10  nsec)  in  stress  ampli¬ 
tudes  encountered  in  shock  experiments. 

Perhaps  the  most  critical  and  most 
overlooked  element  is  the  coaxial  cable. 
Properties  of  some  typically  used  co¬ 
axial  cables  are  shown  in  Table  II.  A 
typical  experimental  cable  length  of 
fifty  feet  has  been  chosen  for  a  basis 
of  comparison  of  the  cables. 


TABLE  II 


Rise  Times  of  Typical  Coaxial  Cables* 


Cable 

Impedance 

n 

0-95#  Rise  Time 
(cable  length  50  ft) 
nsec 

RG  58 

50 

50 

RG  71 

93 

10 

RG  213 

50 

10 

RG  269 

50 

0.23 

A/U  (7/8” 
Air  Heliax) 


*These  rise  time  data  are  calculated 
with  1  GHz  attenuation  from  the  analysis 
presented  in  the  Lawrence  Radiation  Lab 
Counting  Handbook,  UCRL-3307  (Rev.  2) 
June  1964.  Analysis  and  experiments  for 
ramp-rising  inputs  is  contained  in 
R.  L.  Wigington  and  N.  S.  Nahman,  "Tran¬ 
sient  Analysis  of  Coaxial  Cables  Consid¬ 
ering  Skin  Effect,”  Proc.  IRE,  Vol.  45, 
166  (1957). 


It  is  immediately  obvious  that 
severe  rise  time  limitations  are  imposed 
on  recording  the  gauge  response  unless 
air  dielectric  cable  is  employed. 
Furthermore,  the  use  of  RG  58  cable 
limits  the  time-resolution  of  the  system 
to  such  an  extent  that  it  should  not 
ordinarily  be  used  for  accurate  time- 
resolved  measurements.  Our  compressed 
gas  gun  facility  uses  45.0  feet  of  RG  269 


A/U  with  a  6.0  foot  jumper  of  Andrew 
Superflex  Type  FSJ  4-50  and  a  one  foot 
length  of  Raychem  22-174  for  connection 
to  the  gauge.  For  best  signal  fidelity 
it  is  good  practice  to  avoid  signal  delay 
cables . 

After  installation  of  the  cables  and 
connectors  the  transmission  and  cable 
termination  system  is  checked  for  abso¬ 
lute  value  of  impedance  and  uniformity 
of  impedance  with  a  time  domain  re- 
flectometer,  Hewlett  Packard  model  1415A. 
A  resistive  terminator  is  selected  with 
the  time  domain  ref lectometer  which  pre¬ 
cisely  matches  the  cable  impedance. 

Characteristics  of  several  high 
frequency  oscilloscopes  that  are  compat¬ 
ible  with  many  quartz  gauge  signals  are 
shown  in  Table  III.  Depending  upon  the 
experiment  our  installation  uses  Tek¬ 
tronix  585,  454,  or  direct  deflected 
Tektronix  517  oscilloscopes.  To  minimize 
the  effect  of  capacitive  loading  upon 
signal  risetimes,  separate  signal  cables 
are  used  for  each  oscilloscope. 


TABLE  III 

Oscilloscope  Characteristics 


Band 

Pass 

mHz 

Input 

Capac¬ 

itance 

Pf 

10-90# 

Rise 

Time 

nsec 

Tektronix  545 
with  53/54L  pre  amp 

45 

20 

12 

Tektronix  585 
with  Type  86  pre  amp 

85 

15 

4.0 

Tektronix  545 

150 

20 

2.4 

Tektronix  517 
direct  deflection 

— 

5 

2.5 

Hewlett  Packard  183 

250 

— 

1.5 

A  STANDARD  PULSE  VOLTAGE 
GENERATING  SYSTEM 

The  absolute  accuracy  and  repeati- 
bility  of  the  output  current  from  a 
quartz  gauge  exceeds  the  nominal  accuracy 
of  oscilloscopes  and  standard  pulse  cal¬ 
ibrators.  Thus,  special  calibration  pro¬ 
cedures  are  required  to  determine  the 
response  of  the  entire  current  measuring 
system,  composed  of  distributed  ampli¬ 
fier  type  oscilloscopes,  cables,  connec¬ 
tors,  and  terminators.  To  accomplish 
this,  the  entire  recording  system  is 
calibrated  by  means  of  a  pulse  voltage 
standard  and  the  system  is  frequently 
checked  for  repeatability  with  a  result 
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that  a  system  accuracy  of  about  ±0.5#  is 
achieved.  This  pulse  calibration  signal 
is  supplemented  with  a  1  kc  standard 
accurate  to  ±0.5#. 

The  single-shot  pulse  standard  pro¬ 
duces  a  voltage  pulse,  which  rises  (6-99+#) 
<50  nsec,  with  an  amplitude  accuracy  of 
±0.5#,  while  driving  a  time-variable 
45  to  55  ohm  load.  This  new  system  (45) 
was  developed  for  our  laboratory  by  the 
National  Bureau  of  Standards*  Boulder 
Laboratories.  The  pulse-voltage  gener¬ 
ating  system  incorporates  a  Velonex  Model 
380  pulse  generator,  adjusted  to  a  400 
volt  peak  output,  to  drive  a  two  stage 
Unitrode  Zener  diode  clipper  circuit 
shown  in  Fig.  9.  The  clipper  is  sub¬ 
mersed  in  liquid  nitrogen  to  reduce  tem¬ 
perature  coefficient  changes  in  Zener 
reverse  characteristics.  The  divider 
and  clipper  output  is  stabilized  at  6.54 
volts  for  the  particular  Zener  diodes 
used.  The  brass  enclosure  surrounding  the 
circuit  improves  rise  time  performance. 
Other  clipper  units  are  being  constructed 
for  lower  and  higher  voltage  levels.  The 
voltage  output  from  each  unit  is  cali¬ 
brated  using  a  slideback  voltmeter  con¬ 
structed  by  the  Bureau  of  Standards. 


OUTPUT 
6.54  V 
PULSE 


UNIT  TOTALLY  SUBMERSED 
IN  LIQUID  NITROGEN. 


Fig.  9  -  Schematic  diagram  of  liquid 
nitrogen  stabilized  Zener  diode  peak 
clipping  circuit.  The  400  volt  pulse 
from  the  Velonex  generator  is  clipped  in 
two  stages,  using  resistive  dividers  and 
Unitrode  Zeners,  to  a  6.54  volt  ±  0.5# 
pulse.  This  low  internal  impedance  cal¬ 
ibrator  accepts  a  50  ohm  load,  and  thus 
provides  a  complete  system  amplitude 
calibration  of  cables,  connectors,  ter¬ 
minators,  attenuators  and  oscilloscopes 
after  each  experiment. 


The  standard  was  modified  and  construc¬ 
ted  to  meet  our  specifications  by  Mr. 
Stanley  Booker  of  the  Sandia  Laboratories 
Standard  Department. 


TILT  CONTROL 

The  target  and  projectile  gauge 
assemblies  are  designed  to  achieve  flat¬ 
ness  and  perpendicularity,  but  there  are 
a  number  of  other  factors  which  can 
affect  the  alignment  of  the  impacting 
surfaces  during  the  experiment.  All  of 
the  alignments  must  be  controlled  to 
achieve  a  low  " tilt."  Some  investigators 
align  the  experiment  in  place  by  adjust¬ 
ing  the  target  assembly  to  the  impacting 
surface  of  the  projectile.  The  procedure 
used  on  the  present  facility  is  to  rigid¬ 
ly  and  precisely  control  all  the  toler¬ 
ances  which  enter  into  misalignment. 

Each  of  these  tolerances  is  measured  on 
each  experiment  so  that  there  is  a  known 
upper  limit  on  the  tilt.  The  median 
value  of  tilt  which  is  achieved  with  this 
procedure  is  200  to  300  |jrad. 

The  surface  from  which  the  target 
face  and  the  projectile  face  alignment  is 
referenced  is  the  target  mounting  flange. 
If  this  surface  is  perpendicular  to  the 
bore  axis  and  the  sample  is  parallel  to 
the  mounting  flange  the  target  surface 
is  perpendicular  to  the  axis  of  the  bore. 
The  projectile  is  then  assembled  such 
that  the  impacting  face  is  perpendicular 
to  the  projectile  sides.  The  chosen  pro¬ 
jectile  diameter  fits  tightly  to  the  gun 
bore  and  the  projectile  length  of  28  cm 
minimizes  the  cocking  of  projectile  in 
the  bore. 

Methods  for  assembling  and  measuring 
the  targets,  projectiles,  and  target 
mounting  flange  are  shown  in  Figs .  10a 
through  lOd. 

The  projectiles  are  ground  and 
machined  such  that  the  impacting  surface 
is  perpendicular  to  the  sides  to  within 
100  |jrad.  The  impactor  is  glued  to  the 
projectile  face  in  an  alignment  fixture 
shown  in  Fig.  10a  which  holds  the  impact 
surface  perpendicular  to  the  sides  of 
the  projectile  to  50  urad.  The  epoxy 
glue  joint  thus  served  to  allow  for  the 
final  minor  realignment.  After  the 
epoxy  has  cured  the  same  fixture  serves 
as  a  holder  in  which  the  perpendicularity 
is  measured  to  100  |jrad  as  shown  in  Fig. 
10b  with  an  electronic  micrometer. 

The  target  mounting  flange  is  lapped 
flat  and  perpendicular  to  the  axis  of  the 
gun  bore  with  the  lapping  fixture  shown 
in  Fig.  10c.  The  rod  is  fit  to  the  bore 
diameter  to  0.0003".  With  a  length  of 
28  cm  this  insures  a  maximum  angular 
looseness  of  20  |jrad.  As  the  fixture  is 
rotated  the  lapping  compound  on  the  cast 
iron  disk  laps  the  mounting  flange.  The 
mounting  flange  may  be  lapped  perpendicu¬ 
lar  to  the  bore  to  20  |arad  with  this 
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DEAD  WEIGHT 


Fig.  10a 


Fig.  10b 


Fig.  lOd 


Fig.  10  -  Cutaway  drawings  of  the  various  schemes  for  adjusting  and  measuring  the 
parameters  contributing  to  angular  misalignment  of  impacting  surfaces.  Uncontrolled 
rotation  of  the  projectile  in  the  long  gun  barrel  prevents  the  use  of  an  adjustable 
target.  In  Fig.  10a,  a  wedge  of  epoxy  cures  between  the  projectile  and  impactor 
interface  while  they  are  held  in  alignment  with  an  assembly  fixture  and  a  surface 
plate.  In  Fig.  10b,  the  impactor  sample  is  checked  for  alignment  while  the  assembly 
fixture  and  tilt  gage  in  which  it  is  held  is  rotated.  A  dial  indicator  with  0.0001 
inch  resolution  determines  the  acceptability  for  a  particular  experiment.  Fig.  10c 
shows  a  28  cm  long  rod  that  fits  in  the  barrel  with  a  0.0003  inch  difference  in 
diameters.  Attached  to  the  rod,  with  a  5  urad  control  on  perpendicularity,  is  a 
flat  cast  iron  disk  that  is  coated  with  6  micron  lapping  compound.  When  Inserted  and 
rotated  within  the  barrel,  this  device  will  produce  a  flat  surface  on  the  barrel 
alignment  flange  which  is  perpendicular  to  the  bore  to  20  urad.  In  Fig.  LOd,  the 
parallelism  of  the  target  assembly  is  checked  with  a  fixture  composed  of  a  lapped 
washer  to  which  is  attached  a  support  cylinder  with  its  ends  lapped  parallel  to  5 
Mrad.  A  machinable  flange  on  the  target  permits  parallelism  adjustments  to  be  made 
on  the  target  assembly  to  100  urad.  The  target  is  held  in  place  against  the  lapped 
washer  with  wooden  dowels  which  penetrate  the  support  cylinder. 


technique.  The  surface  is  then  hand  pol¬ 
ished  with  a  600  grit  sandpaper. 

The  final  alignment  factor  is  the  paral¬ 
lelism  of  the  sample  to  the  mounting 
surface  of  the  target  cup.  After  assembly, 
as  described  in  the  previous  section,  the 
parallelism  is  measured  in  the  fixture 
shown  in  Fig.  lOd.  This  parallelism  is 


typically  100-200  urad.  In  the  event 
that  the  sample  assembly  is  defective 
and  not  parallel  within  this  tolerance, 
the  holding  surface  of  the  target  cup 
is  machined  while  indicating  the  align¬ 
ment  from  the  sample  surface . 

The  target  assembly  is  then  mounted 
on  the  barrel  flange  after  cleaning  both 
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surfaces  with  200  proof  alcohol.  The 
surfaces  are  wrung  together  with  no  "0" 
ring  seal  or  vacuum  grease  on  the  sur¬ 
faces.  The  two  lapped  and  "wrung”  sur¬ 
faces  provide  an  excellent  vacuum  seal 
while  atmospheric  pressure  holds  the  tar¬ 
get  assembly  to  the  barrel. 

SUMMARY 

This  paper  has  summarized  the  basic 
features  of  impact  experiments  which 
utilize  the  Sandia  quartz  gauge  to  mea¬ 
sure  the  mechanical  properties  of  shock 
loaded  solids.  In  addition,  the  cir¬ 
cuitry  involved  in  impact  velocity,  time 
of  arrival,  and  time  delay  measurements 
have  been  described.  Methods  used  in 
tilt  control  and  sample  preparation  have 
also  been  discussed.  The  particular 
techniques  and  sample  construction  methods 
used  are  designed  to  achieve  flexibility 
and  to  take  maximum  advantage  of  the 
unique  features  of  impact  surface  measure¬ 
ments.  These  techniques  have  proven  very 
useful  in  the  study  of  the  mechanical 
properties  of  solids  under  shock  wave 
compression. 
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SHOCK-INDUCED  ELECTRICAL  SIGNALS 


FROM  DIELECTRICS 


G.  E.  Hauver 

USA  Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Shock-induced  electrical  signals  from  linear  polyethylene  and  o-nitroanisole 
have  been  analyzed  within  the  framework  of  the  Allison  polarization  theory. 
Hugoniot  and  dielectric  constant  data  for  the  analyses  were  obtained  in  sepa¬ 
rate  series  of  experiments.  Analyses  showed  that  signals  from  both  materials 
are  composed  of  more  than  one  component.  There  is  experimental  evidence  that 
components  of  the  polyethylene  signal  relate  to  dipolar  structures  in  the 
polyethylene.  A  similar  conclusion  may  be  drawn  for  o-nitroanisole, al though 
an  alternate  interpretation  is  also  offered.  At  high  pressures,  the  profile 
of  the  polarization  signal  from  o-nitroanisole  is  gradually  modified  by 
shock-induced  electrical  conductivity  and  the  growth  of  chemical  reaction. 

It  was  inferred  that  detonation  electric  signals  might  represent  the  final 
signal  modification  produced  under  conditions  of  stable  detonation. 


I.  INTRODUCTION 

Most  dielectric  materials  produce  electri¬ 
cal  signals  during  shock  compression.  There  is 
a  general  tendency  for  weakly  polar  dielectrics 
to  produce  small  signals  and  for  strongly  polar 
dielectrics  to  produce  large  signals.  Experi¬ 
mental  and  analytical  procedures  for  studying 
these  signals  were  refined  in  an  investigation 
of  linear  polyethylene,  which  is  weakly  polar, 
and  were  applied  with  certain  necessary  modifi¬ 
cations  in  a  study  of  o-nitroanisole, 

C6H4OCH3NO2  (hereafter  referred  to  as  ONA). 

ONA  is  a  metastable  liquid  dielectric  with  a 
relatively  large  dipole  moment  of  1.61  X  10"29 
Cm  (4.83  Debye  units).  The  shock-induced  elec¬ 
trical  signals  from  these  dielectrics  exhibit 
complex  profiles  which  have  been  found  to  con¬ 
tain  more  than  one  signal  component.  These 
signals  have  been  interpreted  within  the  frame¬ 
work  of  the  Allison  polarization  theory  (1). 

The  paper  briefly  reviews  the  essential  elements 
of  the  theory,  describes  the  various  experi¬ 
mental  and  analytical  procedures  used  in  polar¬ 
ization  and  ancillary  investigations,  and  pre¬ 
sents  results  and  interpretations. 

II.  THEORY 

The  parallel-plate  configuration,  commonly 
used  to  study  shock-induced  electrical  signals, 
is  shown  schematically  in  Fig.  1.  The  polar¬ 
ization  portion  of  the  signal’ begins  when  a 
plane  shock  wave  enters  the  dielectric  from  the 
first  electrode.  Allison  (1)  assumed  that 
polarization  is  induced  at  the  shock  front  and 


Fig.  1  -  Experimental  arrangement  for  polariza¬ 
tion  tests. 


decays  with  a  characteristic  relaxation  time  x. 
If  the  RC  time  constant  of  the  circuit  is  much 
less  than  the  shock  wave  transit  time  (RC  is 
commonly  one  nanosecond  or  less),  the  load  may 
be  considered  to  be  a  short  circuit,  and  dis¬ 
placement  current  is  given  by  the  expression, 

1  =  +  Vo  exP  (-*/t)]/(x0  -  ^t), 

where, 

Q  =  qYiqX0t  [1  -  exp  (-t/T)]/(C2t+QYx0), 

C7  =  U  -  (k0/k)(U-u), 

C2  =  IoXoT  ^  "  exp  *  C*t*U, 

ana  *  * 

l0  =  Q  k0  (u  ’  u)/{xkU  [1  -  exp  (-t  /t)]}. 
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List  of  Symbols 

I  current 

IQ  initial  current 

Q  electric  charge  on  the  electrodes 

★  * 

Q  electric  charge  at  time  t 

U  shock  velocity 

XQ  initial  thickness  of  the  dielectric 

k  dielectric  constant  of  shock-compressed 

dielectric 

k  dielectric  constant  of  unshocked  dielec¬ 

tric 

t  time 

★ 

t  time  of  shock  arrival  at  the  second 

electrode 

u  particle  velocity 

t  relaxation  time 


Polarization  induced  at  the  shock  front  is 
given  by  the  expression 

P°  =  qV/At  [1  -  exp  (-  t*/x)], 
where  A  is  the  electrode  area. 

If  polarization  is  induced  only  in  the 
vicinity  of  the  shock  front,  then  no  addi¬ 
tional  polarization  is  induced  in  the  inter¬ 
electrode  volume  after  the  shock  front  arrives 
at  the  second  electrode.  This  assumes  that 
the  shock  impedance  of  the  second  electrode 
is  the  same  as  that  of  the  dielectric  so  that 
neither  a  shock  nor  rarefaction  return  into 
the  interelectrode  dielectric  from  the  inter¬ 
face.  It  then  follows  from  the  Allison  theory 
that  the  charge  Q  ,  which  is  on  the  electrodes 
at  time  t  ,  decays  with  the  characteristic 
relaxation  time.  The  current  in  the  relaxa¬ 
tion  portion  of  the  signal,  which  occurs  after 
the  shock  front  arrives  at  the  second  electrode, 
is  given  by  the  expression, 

I  =  (-  Q*/t)  exp  [-  (t-t*)/x], 

★ 

where  t  2  t  .  Yakushev,  Rozanov,  and  Dremin 
(2)  have  reported  this  same  relationship  for 
the  current  in  the  relaxation  signal. 

In  order  to  apply  the  Allison  theory,  it 
is  necessary  to  know  the  shock-propagation 
characteristics,  the  dielectric  constant  under 
shock  compression,  and  the  relaxation  time. 

In  the  study  of  linear  polyethylene  and  ONA, 
ancillary  experiments  were  performed  to  estab¬ 
lish  the  Hugoniots  and  obtain  information  about 
the  dielectric  constant  under  shock  compression. 


Relaxation  times  were  obtained  by  analyzing  the 
relaxation  signal. 

III.  POLYETHYLENE  (3) 

A.  Introduction 

Linear  polyethylene  was  selected  for 
several  reasons.  First,  the  shock-induced 
electrical  signal  is  small  and  exhibits  inter¬ 
esting  behavior.  It  is  negative  at  low  pres¬ 
sures,  begins  to  change  polarity  above  25  or 
30  kbar,  and  is  entirely  positive  by  70  kbar. 
Also,  it  was  anticipated  that  dipolar  struc¬ 
tures  might  produce  the  electrical  signal.  If 
correct,  the  dipolar  content  could  be  modified 
by  irradiation,  possibly  permitting  signal 
sources  to  be  identified.  Second,  Keeler  and 
Mitchell  (4)  reported  that  polyethylene  re¬ 
mains  a  reasonably  good  insulator  to  shock 
pressures  well  above  500  kbar.  Their  result 
was  confirmed  for  this  study  by  a  conductivity 
test  performed  at  246  kbar.  No  conductivity 
was  detected,  and  the  sensitivity  of  the  mea? 
surement  imposed  an  upper  limit  of  1.6  x  10”b 
mho/m.  Third,  the  dielectric  constant  of 
polyethylene  is  essentially  unchanged  from  DC 
to  microwave  frequencies  (5),  and  it  is  un¬ 
likely  that  sites  which  produce  the  shock- 
induced  electrical  signal  make  a  significant 
contribution  to  the  dielectric  constant. 
Furthermore,  the  small  size  of  the  shock- 
induced  electrical  signal  tends  to  minimize 
its  influence  on  the  dielectric  constant 
measurements. 

B.  Experimental  Arrangement  for  Polarization 
Tests 

The  experimental  arrangement  used  for 
the  study  of  shock-induced  electrical  signals 
from  polyethylene  was  basically  the  arrange¬ 
ment  shown  schematically  in  Fig.  1.  However, 
the  test  assembly  was  built  coaxially  onto  a 
coaxial  connector.  The  second  electrode  and 
its  guard  were  formed  by  scribing  a  circular 
gap  in  a  thin  metal  film  deposited  by  vacuum 
evaporation  on  a  thick  polyethylene  substrate. 

The  interelectrode  polyethylene  was  bonded 
to  the  second  electrode  and  its  guard  with 
room-temperature  setting  epoxy,  using  a  bond 
thickness  which  did  not  exceed  0.0025  mm.  The 
second  electrode  was  13  mm  in  diameter,  and 
the  interelectrode  polyethylene  was  approxi¬ 
mately  1.0  mm  thick.  A  thin  metal  film  was 
used  as  the  second  electrode  in  an  effort  to 
minimize  its  influence  on  the  shock  wave  and 
permit  the  relaxation  signal  to  be  recorded 
with  optimum  fidelity.  Signals  were  recorded 
by  an  oscilloscope  with  a  bandwidth  of  150  MHz. 

C.  Hugoniot 

Hugoniot  data  were  obtained  for  several 
linear  polyethyl enes ,  although  only  one  (re¬ 
ferred  to  as  Brand  X)  was  used  for  the  tests 
reported  in  this  paper.  Brand  X  had+an  un¬ 
known  origin  and  a  density  of  0.960  -  0.002  g/cc. 
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The  other  polyethyl enes  were  antioxidant-free 
Marlex  6002  with  a  density  of  0.960  -  0.002  g/cc, 
and  Alathon  7050  with  a  density  of  0.963  -  0.001 
g/cc.  The  Hugoniot  data  were  obtained  in  plane 
shock  wave  experiments  using  the  impedance 
matching  technique  (6).  The  shock  velocity 
through  polyethylene  specimens  was  measured 
electrically,  using  the  shock-induced  polariza¬ 
tion  signal  (7),  or  the  signal  obtained  using 
an  applied  voltage  (see  Section  III-D).  Hugoniot 
data  for  the  base  plate  metals  were  obtained 
from  Ref.  (6),  or  updated  values  were  obtained 
from  Ref.  (8).  The  release  isentropes  needed 
for  impedance  calculations  were  generated 
assuming  a  constant  yp,  where  y  is  the 
Gruneisen  parameter  and  p  is  the  density.  The 
Hugoniot  for  both  Brand  X  and  AO-free  Marlex 
6002,  in  the  pressure  range  from  16  to  246  kbar, 
is  represented  by  the  relationship  U  =  2695  + 
1.570  u.  (Velocity  units  are  m/sec,  here,  and 
throughout  the  paper.)  The  standard  deviation 
of  U  is  62.  The  Hugoniot  for  Alathon  7050  in 
the  pressure  range  from  16  to  180  kbar  is  re¬ 
presented  by  the  relationship  U  =  3064  +  1.557  u. 
These  Hugoniots  lie  between  the  theoretical 
limiting  Hugoniots  calculated  by  Pastine  (9). 

They  parallel  the  theoretical  Hugoniots  at 
high  pressures,  but  deviate  slightly  at  low 
pressures  where  the  theoretical  curves  bend 
downward. 

D.  Dielectric  Constant  under  Shock  Compression 


produced  by  detonating  an  explosive  in  contact 
with  the  metal  plate  which  served  as  the  first 
electrode.  Higher  pressure  was  produced  by 
impacting  an  explosively  accelerated  plate. 

When  a  plane  shock  wave  entered  the  inter 
electrode  dielectric,  the  capacitance  increased 
as  a  result  of  compression  and  an  increase  in 
the  dielectric  constant  of  the  shocked  material 
The  associated  charging  current  was  recorded 
with  an  oscilloscope  as  the  voltage  drop  across 
R-r.  It  may  be  shown  that  the  charge  on  the 
polyethylene  capacitor  is  given  by  the  expres¬ 
sion 


V  eQ  kQ  A 

Q  =  x0  +  L(k0/k)(u-u)  -  UJ  t  • 

while  the  profile  of  the  current  signal  is 
given  by  the  expression 

V  c0  k0  A[U  -  (k0/k)(U-u)] 

{Xo  ’  [U  '  VkH”-u)]  t  )2 

where  V  is  the  applied  voltage  and  e  is  the 
permittivity  of  free  space.  Prior  to  shock 
compression,  the  charge  on  the  polyethylene 
capacitor  is 


The  experimental  arrangement  for  dielec¬ 
tric  constant  measurements  is  shown  in  Fig.  2. 


Ql  =  V  kQ  eQ  A/Xq  . 

When  the  shock  w^ve  arrives  at  the  second 
electrode,  t  =  t  =  X  /U,  and  the  charge 
associated  with  the  applied  voltage  is 

Q2  =  V  keQ  A  U/Xq  (U-u)  . 

However,  the  charge  on  the  electrodes  at  time 
t  also  includes  the  charge  Q  associated  with 
the  shock-induced  polarization  signal,  so  that 

Q*  =  Q2  +  Qp  • 

During  the  transit  time  of  the  shock  wave,  the 
measured  charge  is 

Q  =  Q*  -  Qt  . 

wm  y  yl 

Substituting  and  solving  for  the  dielectric 
constant. 


Fig.  2  -  Experimental  arrangement  for  dielec¬ 
tric  constant  measurements  on  poly¬ 
ethylene. 

The  polyethylene  assembly  was  similar  to  the 
assembly  used  in  the  polarization  tests. 
Approximately  500  volts  was  applied  across  the 
assembly  and  the  series  resistor  Ry.  The 
parallel  capacitor  C  was  three  orders  of 
magnitude  larger  than  the  other  circuit  capa¬ 
citance  and  stabilized  the  voltage  during  a 
test.  Shock  pressures  up  to  173  kbar  were 


k 


U-u 

U 


Xo%  -  V 

V  eQ  A 


+  k 


The  expression  for  k  neglects  any  change 
in  stray  capacitance.  The  stray  capacitance 
changed  during  a  test,  but  except  at  173  kbar 
where  the  change  in  stray  capacitance  repre¬ 
sented  almost  0.5  percent  of  Q  ,  no  correction 
was  introduced.  The  polarization  charge  Q 
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was  evaluated  in  two  ways  as  a  check.  It  was 
evaluated  directly  with  no  applied  voltage,  and 
in  tests  with  each  polarity  of  the  applied 
voltage  so  that  Q  =  [Q  (+)  +  0  (-)]/2.  The 
dielectric  constant  of  unshockea  Brand  X  linear 
polyethylene  was  measured  in  a  simple  two- 
terminal  system  (10)  and  was  found  to  be  2.360 
-  0.007. 


Results  of  the  dielectric  constant  measure¬ 
ments  are  plotted  in  Fig.  3 


PRESSURE -kbar 
16  20  36  62  118  173  246 


k- 1 


•9  1.0  l.l  1.2  1.3  1.4  1.5  1.6  1.7 

DENSITY  (/>)-g/cc 


Fig.  3  -  Dielectric  constant  data  for  poly¬ 
ethylene  under  shock  compression. 


by  Bridgman  (12),  give  no  indication  of  a  tran¬ 
sition  below  36  kbar.  However,  Van  Valkenburg 
and  Powers  (13)  found  evidence  of  a  low  pres¬ 
sure  transition  during  static  compression  of 
polyethylene  between  diamond  anvils.  The  tran¬ 
sition  was  observed  optically,  was  accompanied 
by  an  irreversible  decrease  in  thickness,  and 
post-test  analysis  suggested  the  presence  of  a 
triclinic  cell.  However,  no  transition  pres¬ 
sure  was  reported.  Cleron,  Cos ton,  and 
Drickamer  (14)  reported  NMR  data  on  polyethylene 
in  the  pressure  range  below  25  kbar.  The  width 
of  the  H  resonance  line  showed  no  measurable 
change  until  a  pressure  of  5  kbar.  A  rapid 
increase  in  linewidth  occurred  above  5  kbar 
and  leveled  off  near  22  kbar.  The  sudden  in¬ 
crease  in  linewidth  was  not  attributed  to  a 
phase  transition,  but  the  motion  of  the  poly¬ 
ethylene  chains  suddenly  became  severely  re¬ 
stricted  and  it  was  noted  that  polytetrafluoro- 
ethylene  displayed  similar  NMR  behavior  at 
identified  transition  pressures. 

The  Drude  equation  results  when  the 
applied  field  is  the  effective  polarizing  field. 
Calculations  by  Brodsky  and  Burstein  (15)  and 
Gill  and  Bloembergen  (16)  have  shown  that  the 
effective  field  for  electronic  polarization 
is  the  macroscopic  applied  field  when  the 
electrons  are  delocalized.  Royce  (17),  in 
considering  the  dielectric  constant  data  for 
polymethylmethacrylate  reported  in  Ref.  (7), 
suggested  that  electrons  may  have  become  de¬ 
localized  as  a  result  of  shock  compression. 

This  suggestion  would  also  provide  an  appro¬ 
priate  explanation  for  the  dielectric  behavior 
of  shock  compressed  polyethylene. 


as  (k-l)/p  versus  p,  with  individual  test 
pressures  indicated  at  the  top.  At  16  and  20 
kbar,  there  was  evidence  that  the  applied 
voltage  might  have  influenced  the  polariza¬ 
tion  signal.  The  exact  extent  of  any  influence 
could  not  be  determined,  so  limits  were  set. 

The  upper  values  at  16  and  20  kbar  result  if 
no  influence  is  assumed;  the  lower  values  re¬ 
sult  if  the  polarization  signal  becomes  zero 
when  opposed  by  the  applied  voltage.  From  36 
to  246  kbar,  there  was  no  evidence  of  a  voltage 
effect,  and  the  dielectric  behavior  followed 
the  Drude  equation,  assuming  constant  polariz¬ 
ability,  with  k-1  =  1.47  p. 

Gibbs  and  Jarman  (11)  measured  the  dielec¬ 
tric  constant  of  polyethylene  during  static 
compression  in  the  pressure  range  below  three 
kilobars  and  found  only  one  percent  deviation 
from  change  predicted  by  the  Clausius-Mossotti 
equation,  assuming  constant  polarizability. 
Figure  3  suggests  that  the  dielectric  constant 
at  low  shock  pressures  also  varies  according 
to  the  Clausius-Mossotti  prediction.  The 
pressure  at  which  dielectric  behavior  begins 
to  follow  the  Drude  equation  is  not  firmly 
established,  but  is  probably  located  between 
20  and  36  kbar.  The  change  in  behavior  may 
be  associated  with  a  phase  transition.  The 
Hugoniot  measurements,  and  static  measurements 


E.  Shock-Induced  Electrical  Signals 

Some  insight  into  the  nature  of  shock- 
induced  electrical  signals  from  linear  poly¬ 
ethylene  can  be  gained  by  examining  three 
signals  produced  near  50  kbar,  which  is  at  the 
midpoint  of  the  pressure  range  where  a  polarity 
change  occurs.  One  of  the  signals  was  produced 
by  normal  Brand  X  linear  polyethylene,  while 
the  other  two  were  produced  by  specimens  of 
the  same  material  which  were  first  irradiated 
by  a  cobalt-60  gamma  source. 

Figure  4  presents  the  analysis  of  the 
signal  produced  by  normal  polyethylene  at  47 
kbar.  The  solid  curve  represents  the  observed 
signal.  Its  basic  features  include  the  initial 
positive  portion,  the  slow  risetime  of  the 
negative  portion,  and  the  slow  decay  of  the 
relaxation  signal  back  toward  zero.  The 
analysis  reveals  three  major  components:  SI, 

S2,  and  S3.  These  components  are  identified 
by  their  relaxation  times,  which  are  listed 
in  Table  1  along  with  the  associated  polariza¬ 
tions.  The  circular  points  in  Fig.  4  repre¬ 
sent  the  algebraic  addition  of  the  components. 
These  points  are  in  reasonable  overall  agree¬ 
ment  with  the  observed  signal,  with  the  greatest 
departure  occurring  just  after  shock  arrival 
at  the  second  electrode.  Here,  a  positive 
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Fig.  4  -  Analysis  of  the  shock-induced  elec¬ 
trical  signal  from  normal  polyethylene. 


TABLE  I 


Data  for  Signal  Components 


MATERIAL 

COMPONENT 

T-ft  sec 

p£-MC/m2 

NORMAL 

SI 

2.6 

-0.32 

LINEAR 

S2 

0.24 

+0.13 

POLYETHYLENE 

S3 

0.014 

+0.37 

IRRADIATED 

SI 

2.6 

-0.13 

WITHOUT  AIR 

S3 

0.014 

+0.22 

(39  MEGARADS) 

S4 

0.12 

+0.15 

IRRADIATED 

SI 

26 

-0.38 

IN  AIR 

S3 

0.014 

+0.42 

(30  MEGARADS) 

S4 

0.12 

+0.82 

jog  occurs  and  the  observed  signal  lies  above 
the  calculated  signal  for  an  interval  of  about 
30  nanoseconds.  This  departure  may  indicate 
a  perturbation  produced  by  the  mismatched 
electrode  film,  although  it  is  more  strongly 
suspected  to  be  thermoelectric.  The  electrode 
metal  and  lead  wire  were  different  in  this 
test,  producing  a  bimetallic  junction  at  the 
center  of  the  second  electrode.  It  is  evident 
that  the  fast-relaxing  component  S3  is  primarily 
responsible  for  the  initial  positive  portion 
of  the  observed  signal  and  for  the  slow  rise¬ 
time  of  the  negative  portion,  while  the  slow 
decay  of  the  relaxation  signal  results  from 
the  relative  relaxations  of  components  SI  and 
S2.  The  polyethylene  signal  undergoes  a 
polarity  change  because  component  SI  predom¬ 
inates  at  low  pressures,  while  the  positive 
components  increase  in  magnitude  and  predominate 
at  high  pressures. 

Polyethylene  for  a  second  test  was  prepared 
by  irradiating  a  25-nri  thick  block  in  a  cobalt- 
60  cell.  The  dose  rate  was  approximately  0.5 
megarad  per  hour,  and  the  total  dose  was  39 


megarads.  The  block  was  then  annealed  above 
the  crystalline  melting  point  to  eliminate 
radicals  trapped  in  the  crystallites.  The 
oxidized  surfaces  were  removed,  a  specimen  was 
prepared  from  the  core  of  the  irradiated  block, 
and  a  shock  experiment  was  performed  at  46  kbar. 
The  shock-induced  electrical  signal  was  an¬ 
alyzed,  and  data  for  the  signal  components  are 
listed  in  Table  1.  The  magnitudes  of  compo¬ 
nents  SI  and  S3  have  decreased,  component  S2 
is  missing,  and  a  new  component  S4  has  appeared. 
At  first  inspection,  component  S4  may  appear  to 
be  component  S2  with  the  relaxation  time  re¬ 
duced  by  one-half.  This  is  doubtful.  Relaxa¬ 
tion  times  are  presently  believed  to  be  charac¬ 
teristic  of  a  particular  source  of  polarization 
and  serve  as  a  means  for  identification. 

Polyethylene  for  a  third  test  was  pre¬ 
pared  by  milling  a  block  into  0.025-mm  thick 
fluff  which  was  oxidized  by  gamma  irradiation 
in  air,  receiving  a  total  dose  of  30  megarads 
at  a  dose  rate  of  0.3  megarad  per  hour.  The 
irradiated  fluff  was  refabricated  into  a 
cylindrical  form  from  which  a  test  specimen 
was  prepared.  A  control  specimen,  prepared 
from  refabricated  unirradiated  fluff,  produced 
a  shock-induced  electrical  signal  identical 
to  the  signal  from  original  material.  The 
shock-induced  signal  from  oxidized  polyethylene 
is  shown  in  Fig.  5  and  data  foy*  the  components 
are  listed  in  Table  1.  The  components  produced 
by  the  specimen  irradiated  without  air  are 
again  present,  and  are  identified  by  their 
relaxation  times.  However,  each  component  is 
larger.  Component  S4  underwent  the  most  sig¬ 
nificant  increase,  becoming  over  five  times 
larger.  In  Fig.  5,  the  calculated  relaxation 
signal  does  not  closely  follow  the  observed 
signal.  This  is  attributed  to  an  impedance 
mismatch  between  the  oxidized  specimen  and  the 
unoxidized  substrate  of  the  second  electrode. 
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However,  the  test  pressure  increased  to  only 
50  kbar,  indicating  a  slight  mismatch.  Di¬ 
electric  constant  data  for  normal  polyethylene 
were  used  to  calculate  the  profile  of  the 
polarization  signal.  The  dielectric  constant 
data  for  oxidized  material  may  be  different, 
but  the  polyethylene  signal  was  found  to  be 
extremely  insensitive  to  the  value  of  k  /k. 

This  was  not  thoroughly  investigated,  b8t  was 
believed  to  result  from  the  presence  of  signal 
components  with  opposing  polarities. 

The  signal  components  are  assumed  to  be 
produced  by  dipolar  structures  present  in  the 
polyethylene.  Conklin  (18)  has  considered 
the  primary  dipolar  structures  in  linear 
polyethylene,  and  the  changes  which  result 
from  gamma  irradiation.  The  primary  dipolar 
structure  inherent  in  linear  polyethylene  is 
vinyl  unsaturation,  -  CH  =  CH2.  This  struc¬ 
ture  decays  rapidly  with  dose,  and  30  to  40 
megarads  should  reduce  the  vinyl  content  to 
less  than  ten  percent  of  the  initial  value. 
Impurity  dipolar  structures  are  also  present. 
These  result  from  oxygen  introduced  by  contact 
with  air  during  manufacture  and  subsequent 
processing,  and  consist  of  various  combination 
of  carbon,  hydrogen  and  oxygen.  However,  the 
carbonyl  structure  is  dominant,  and  during 
gamma  irradiation  its  concentration  increases 
more  rapidly  than  the  hydroxyl  structure, 
for  example  (19). 

Signal  component  S2  is  tentatively 
attributed  to  vinyl  unsaturation.  The  39 
megarad  dose,  without  air,  probably  reduced 
component  S2  to  a  size  not  readily  detected 
by  the  profile  analysis.  At  the  same  time, 
the  carbonyl  concentration  increased  and  was 
detected  as  signal  component  S4.  The  oxidized 
specimen  showed  a  large  increase  in  the  magni¬ 
tude  of  S4,  more  strongly  associating  this 
component  with  the  carbonyl  structure.  The 
reduced  magnitudes  of  components  SI  and  S3, 
in  the  signal  from  polyethylene  irradiated 
without  air,  may  be  related  to  the  increase 
of  normal  and  pseudo  cross  linking  which 
restrict  motion  in  the  shock  wave.  Conversely, 
the  increased  magnitudes  of  components  SI  and 
S3  in  the  signal  from  oxidized  polyethylene 
may  indicate  an  influence  by  oxidation  scission. 
However,  SI  and  S3  are  not  identified  and  their 
behavior  may  indicate  an  increase  in  the  con¬ 
centration  of  dipolar  impurity  structures 
other  than  carbonyl. 

IV.  0-NITR0ANIS0LE  (ONA) 

A.  Introduction 

ONA  was  also  selected  for  several  reasons. 
First,  it  is  a  metastable  liquid.  Although 
insensitive,  a  confined  column  of  ONA  was 
initiated  and  observed  to  propagate  a  self- 
sustained  shock  wave  at  a  velocity  of  approxi¬ 
mately  5100  m/sec.  Second,  ONA  produced  the 
largest  shock-induced  electrical  signal  of 
all  organic  liquids  tested.  This  is  assumed 


to  be  associated  with  its  large  dipole  moment. 
A  large  signal  size  permits  the  use  of  wide 
bandwidth  instrumentation  which  cannot  be  used 
as  effectively  with  smaller  signals  that  re¬ 
quire  amplification.  Third,  ONA  remains  a 
satisfactory  insulator  at  shock  pressures  up 
to  70  kbar.  The  criterion  for  a  satisfactory 
insulator  is  assumed  to  be  t  =  ke  /a  »  X  /U, 
where  t  is  the  relaxation  t?me  of°free  chSrge 
in  a  homogeneous  conductor  and  a  is  the  con¬ 
ductivity. 

B.  Shock-Induced  Conductivity 

Shock-induced  electrical  conductivity  is 
a  primary  consideration  in  the  study  of  shock- 
induced  electrical  signals.  The  shock-induced 
conductivity  of  ONA  was  measured  using  the 
experimental  arrangement  shown  in  Fig.  6.  The 
ONA  was  laterally  confined  by  a  polyethylene 
well  with  an  inside  diameter  of  7  mm.  Conduc¬ 
tivity  was  measured  through  a  0.5  mm  initial 
thickness  of  ONA  contained  between  the  metal 
plate  and  a  thin  metal  film  deposited  by 
vacuum  evaporation  on  the  end  of  a  cylinder 
of  C7  epoxy  (Armstrong  Products  Company. , 
Warsaw,  Indiana).  C7  epoxy  was  selected  for 
its  close  match  to  the  shock  impedance  of  ONA. 
The  conductivity  circuits  were  slightly  modi¬ 
fied  versions  of  the  basic  circuit  attributed 
to  Reimers  (20).  The  major  experimental  un¬ 
certainty  came  from  two  sources:  a  weak  rare¬ 
faction  which  propagated  into  the  shock  com¬ 
pressed  ONA  from  the  polyethylene,  and  the 
presence  of  a  large  relaxation  signal.  Uncer¬ 
tainty  in  the  measured  conductivity  values 
was  estimated  to  be  from  30  to  35  percent  in 
most  tests. 


Fig.  6  -  Experimental  arrangement  for  conduc¬ 
tivity  measurements  of  o-nitroanisole. 

Conductivity  data  are  presented  in  Fig. 

7.  At  approximately  70  kbar,  the  electrical 
conductivityincreases  rapidly  from  values  ^ 
less  than  10  mho/m  to  a  value  between  10~J 
and  10  mho/m.  From  80  to  140  kbar,  the  con¬ 
ductivity  remains  at  a  plateau-like  level. 
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Fig.  7  -  Shock-induced  electrical  conductivity 
in  o-nitroanisole. 

increasing  by  less  than  an  order  of  magnitude. 
After  a  delay,  or  induction  time,  the  conduc¬ 
tivity  was  found  to  increase  abruptly  from  the 
plateau  value.  At  115  kbar,  the  induction 
time  was  approximately  600  nsec;  at  140  kbar, 
it  had  decreased  to  about  40  nsec.  This  phe¬ 
nomenon  is  assumed  to  be  initiation  and  growth 
to  detonation,  but  was  not  investigated  in 
detai 1 . 

C.  Experimental  Arrangement  for  Polarization 
Tests 

The  experimental  arrangement  used  for 
the  study  of  shock-induced  electrical  signals 
from  ONA  was  basically  the  arrangement  shown 
schematically  in  Fig.  1.  Like  the  polyethylene 
assembly,  the  ONA  assembly  was  built  coaxially 
onto  a  coaxial  connector.  C7  epoxy  was  used 
as  the  substrate  for  the  electrode  film  which 
was  deposited  by  vacuum  evaporation.  A  gap 
was  scribed  to  divide  the  deposited  film  into 
the  second  electrode  and  its  guard.  The  second 
electrode  diameter  was  reduced  to  2.5  mm  in 
order  to  reduce  the  influence  of  shock  wave 
nonplanarity.  Interelectrode  distances  ranged 
from  0.2  to  0.3  mm  in  the  different  tests.  A 
micrometer  syringe  was  used  to  introduce  ONA 
into  the  interelectrode  volume  through  a  small 
opening  in  the  side  of  the  coaxial  assembly. 
Shock-induced  electrical  signals  were  recorded 
by  an  oscilloscope  with  a  bandwidth  of  one  GHz. 

D.  Hugoniot 

Hugoniot  data  for  ONA  (p  =  1.255  g/cc) 
were  obtained  in  plane  shock  wave  experiments 
using  the  impedance  matching  technique.  The 
Hugoniot  is  represented  by  the  relationship 
U  =  2240  +1.51  u,  with  a  standard  deviation 


(of  U)  of  90  m/sec.  It  is  based  on  25  data 
points  in  the  pressure  range  from  20  to  185 
kbar.  With  the  exception  of  three  measurements, 
all  shock  velocities  were  obtained  by  measuring 
shock-induced  electrical  signals  recorded  in 
the  polarization  experiments  described  in 
Section  IV-C.  The  ONA  thickness  of  only  0.2 
to  0.3  mm  accounts  for  the  large  standard 
deviation.  However,  the  small  thickness  and 
shor't  transit  time  minimized  the  influence  of 
chemical  reaction  on  shock  velocities  measured 
at  the  higher  pressures. 

E.  Dielectric  Constant  under  Shock  Compression 

The  applied  voltage  technique,  used  suc¬ 
cessfully  for  measurements  on  polyethylene, 
failed  completely  in  tests  with  ONA.  Failure 
could  not  be  related  to  shock-induced  conduc¬ 
tivity,  and  is  believed  to  have  been  related 
to  the  influence  of  applied  voltage  on  the 
shock-induced  polarization  signal.  Consequently, 
an  alternate  technique  was  introduced.  The 
experimental  arrangement  is  shown  schematically 
in  Fig.  8.  This  is  a  simple  parallel-plate 
configuration  for  a  polarizatior  test,  with 
inductance  added  to  the  circuit  and  the  load 
resistance  reduced  to  two  ohms.  C7  epoxy  was 
used  as  the  substrate  for  the  second  electrode 


SIGNAL 


Fig.  8  -  Experimental  arrangement  for  dielectric 
constant  measurements  on  o-nitroanisole. 


because  of  its  close  match  to  the  shock  impe¬ 
dance  of  ONA.  The  second  electrode  was  a  thin 
vapor  deposited  aluminum  film,  12  mn  in  dia¬ 
meter.  The  ONA  diameter  was  semi -infinite  and 
its  initial  thickness  was  adjusted  to  provide 
a  shock-compressed  thickness  within  the  range 
from  1.27  to  2.01  mm. 

When  a  plane  shock  wave  enters  the  ONA 
from  the  first  electrode,  a  shock-induced 
electrical  signal  results.  The  circuit  os¬ 
cillates  at  the  resonant  frequency  and  a 
damped  oscillation  is  superimposed  on  the 
signal  profile.  The  period  of  oscillation 
changes,  during  shock  transit  through  the  ONA, 
but  becomes  essentially  constant  after  shock 
arrival  at  the  second  electrode.  The  constant 
period  is  evaluated  and  related  to  the 
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capacitance  and  dielectric  constant  of  shock- 
compressed  ONA.  There  are  several  problems, 
however.  First,  there  is  field  fringing  and 
stray  capacitance.  These  were  taken  into 
account  by  calibrating  with  reference  dielec¬ 
trics  in  a  duplicate  physical  arrangement.  The 
reference  materials  were  air,  polystyrene, 
sodium  chloride,  lithium  fluoride,  n-propyl 
alcohol,  and  nitrobenzene.  With  each  material 
as  the  interelectrode  dielectric,  the  circuit 
was  set  into  oscillation  and  the  natural  period 
was  measured.  Tests  were  performed  with  four 
dielectric  thicknesses  that  ranged  from  1.27 
to  2.01  mm.  The  calibration  consisted  of  a 
(P,  /F  )  relationship  for  each  thickness,  where 
P  is  tRe  period  and  k  is  the  dielectric  con¬ 
stant.  The  period  of°osci 1 lation  from  an  ONA 
experiment  was  referred  to  this  calibration 
which  yielded  four  values  of  (k  ,  X),  where  X 
is  the  thickness.  The  dielectric  constant  of 
shock  compressed  ONA  was  evaluated  from  the 
(k  ,  X)  relationship  at  the  shock-compressed 
thickness.  A  second  problem  arises  because 
this  is  the  complex  dielectric  constant,  the 
real  part  is  needed,  and  the  loss  is  not 
determined.  However,  the  circuit  will  not 
oscillate  if  the  loss  is  high.  In  the  tests 
with  ONA,  it  was  concluded  that  the  complex 
value  usually  could  not  exceed  the  real  part 
by  more  than  five  percent.  A  third  problem 
is  the  actual  error,  which  is  greater  than  five 
percent  and  in  the  opposite  direction,  with  the 
real  part  of  the  dielectric  constant  exceeding 
the  measured  value.  This  technique  has  been 
applied  for  measurements  on  a  number  of  di¬ 
electrics,  and  with  one  possible  exception, 
the  measured  values  were  obviously  low.  In 
an  evaluation  test  with  linear  polyethylene, 
the  measured  value  was  approximately  30  per¬ 
cent  low.  Nevertheless,  the  measured  values 
provide  a  rough  guide  to  the  dielectric  be¬ 
havior  of  ONA,  and  offer  an  initial  value 
which  may  be  refined  in  a  polarization  analysis. 

Figure  9  shows  the  results  of  the  measure¬ 
ments.  At  approximately  10  MHz,  the  dielectric 
constant  is  in  the  order  of  46.  There  is  a 
slight  increase  at  6  kbar,  followed  by  a  pre¬ 
cipitous  decrease  at  slightly  higher  pressures. 
Loss  was  very  high  during  the  rapid  decrease 
and  the  circuit  would  oscillate  for  only  a 
few  cycles.  Above  30  kbar,  where  the  measured 
value  was  approximately  5,  the  loss  was  less 
and  the  circuit  oscillated  more  freely.  The 
behavior  of  the  dielectric  constant  suggests 
hindered  rotation  that  may  result  from  freezing 
under  shock  compression. 

F.  Shock-Induced  Electrical  Signals 

The  magnitude  of  shock-induced  electrical 
signals  from  ONA  increases  rapidly  with  in¬ 
creasing  pressure  over  the  range  from  20  to  70 
kbar,  but  features  of  the  profile  remain 
essentially  unchanged.  Figure  10  shows  a 
signal  at  67  kbar.  The  solid  curve  in  Fig.  10 
represents  the  observed  signal .  The  decrease 
in  dielectric  constant  under  shock  compression 


Fig.  9  -  Dielectric  constant  data  for  o-nitro- 
anisole. 


Fig.  10  -  Analysis  of  the  shock-induced  elec¬ 
trical  signal  from  o-nitroanisole. 

is  a  dominant  factor  in  the  general  appearance 
of  the  signal.  An  analysis  shows  that  the 
signal  is  composed  of  two  major  components:  SI 
with  a  relaxation  time  of  424  nsec  and  a 
polarization  of  600  yC/m  ,  and  S2  with  a  relax¬ 
ation  time  of  5  nsec  and  a  polarization  of  333 
yC/m  .  These  signal  components  are  about  three 
orders  of  magnitude  larger  than  the  components 
of  the  polyethylene  signal.  A  third  component 
was  considered  at  one  point  in  the  analysis, 
but  was  later  rejected.  The  general  rule  has 
been  to  limit  the  number  of  components  to  the 
minimum  required  to  achieve  reasonable  overall 
agreement  with  the  observed  signal.  The  cir¬ 
cular  points  in  Fig.  10  represent  the  algebraic 
addition  of  the  two  components.  There  is  some 
discrepancy  between  the  calculated  and  observed 
signals,  but  two  components  were  judged  to  give 
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reasonable  agreement.  Fortunately,  the  compo¬ 
nents  have  the  same  polarity  and  the  analysis 
was  found  to  be  sensitive  to  the  value  of  k  /k. 
Although  the  analysis  started  with  k  *  5,  tne 
final  analysis  yielded  k  3  10,  indicating  that 
the  measured  value  was  about  50  percent  low. 

This  is  consistent  with  the  result  of  the  evalu¬ 
ation  test  with  polyethylene,  which  gave  a  value 
that  was  30  percent  low.  An  analysis  can  be 
long,  and  the  analysis  of  all  signals  in  the 
pressure  range  below  70  kbar  was  not  carried  to 
final  state  of  the  analysis  shown  in  Fig.  10. 
However,  the  sensitivity  to  k  /k  suggested  that 
profile  analysis  might  provide  improved  values 
for  the  dielectric  constant  under  shock  compres¬ 
sion. 

Above  70  kbar,  signal  profiles  are  modi¬ 
fied  by  electrical  conductivity.  This  modifi¬ 
cation  is  implied*by  the  data  presented  in  Fig. 
11,  which  shows  Q  /A  versus  shock  pressure. 

This  presentation  of  data  actually  has  marginal 
quantitative  significance,  since 

Q*/A  =  P°  t  [1  -  exp  (-t*/T)]/t*  . 


Fig.  11  -  Dependence  of  the  measured  charge  on 
shock  pressure. 

★  * 

The  quantity  Q  /A  is  dependent  on  t  ,  and  a 
smooth  curve  results  only  because  all  specimen 
thicknesses  were  approximately  the  same.  Below 
70  kbar,  Q  /A  increases  rapidly  with  pressure. 
When  conductivity  begins,  Q  /A  drops  abruptly 
to  a  plateau-like  level  and  from  70  to  140  kbar 
decreases  in  a  manner  which  mirrors  the  increase 
of  electrical  conductivity  shown  in  Fig.  7. 

Above  150  kbar,  Q  /A  again  increases  with  pres¬ 
sure.  This  increase  is  assumed  to  be  associated 
with  the  rapid  growth  of  chemical  reaction  near 
the  first  electrode.  The  high  electrical  con¬ 
ductivity  within  the  reaction  may  behave  as  an 
extension  of  the  first  electrode,  rapidly  in¬ 
creasing  the  capacitance.  Unfortunately,  0NA 
is  very  insensitive  to  initiation,  and  this 
series  of  tests  did  not  extend  to  a  pressure 
where  detonation  occurs  “instantaneously"  at 
the  surface  of  the  first  electrode.  Based  on 
the  observed  trend,  it  might  be  inferred  that 
the  detonation  electric  effect  (21)  represents 


the  final  modification  of  the  polarization 
signal  which  results  from  stable  detonation. 
However,  this  would  seem  to  require  a  thin 
residual  volume  of  shock-induced  polarization 
between  the  foot  of  the  advancing  shock  wave 
and  the  region  of  high  electrical  conductivity 
associated  with  the  detonation. 

V.  DISCUSSION 

Since  polar  groups  apparently  contribute 
to  the  shock-induced  electrical  signal  from 
polyethylene,  it  might  be  concluded  that  polar 
groups  on  the  0NA  molecule  contribute  to  its 
signal.  However,  it  may  be  well  to  consider 
a  possible  alternative.  The  signal  analysis 
reported  in  this  paper  has  assumed  that  the 
Allison  polarization  theory  provides  a  valid 
macroscopic  description  of  the  polarization 
process.  This  theory  assumes  that  the  dielec¬ 
tric  coefficient  is  indeed  constant  under  the 
conditions  of  shock  compression.  In  the  case 
of  polyethylene,  this  seems  to  be  a  reasonably 
valid  assumption.  The  sites  wlrch  produce  the 
shock-induced  electrical  signal  probably  do  not 
make  a  significant  contribution  to  the  dielec¬ 
tric  constant.  In  the  case  of  0NA,  the  assump¬ 
tion  of  a  constant  dielectric  coefficient  can¬ 
not  be  accepted  with  the  same  assurance.  Rice 
(22)  has  treated  the  case  in  which  the  dielec¬ 
tric  coefficient  is  assumed  to  have  a  relaxing 
component.  If  the  signal  shown  in  Fig.  10  is 
analyzed  by  this  approach,  the  profile  of  the 
polarization  signal  can  be  reproduced  by  assum¬ 
ing  only  one  relaxing  source  of  polarization. 
However,  the  set  of  constants  for  the  polariza¬ 
tion  signal  do  not  result  in  a  completely  satis¬ 
factory  relaxation  signal.  Unfortunately,  the 
constants  cannot  be  readily  evaluated  by  inde¬ 
pendent  experiments.  At  the  present  time,  the 
Allison  theory  with  the  assumption  of  two 
polarization  sources  seems  to  provide  the  better 
overall  description  of  the  observed  signals 
from  0NA. 
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EXPERIMENTAL  STUDY  OP  THE  ELECTROMAGNETIC 


VELOCITY  GAGE  TECHNIQUE 


Sigmund  J.  Jacobs  and  David  J.  Edwards 
U.  S •  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland  20910 

The  electromagnetic  method  has  been  used  to  study  the 
particle  velocity  in  (a)  polymethylmethacrylate  PMMA  in 
the  set-up  of  the  NOL  gap  test  and  (b)  in  several  explosive 
charges.  Factors  which  influence  recording  response  are 
assessed  and  steps  taken  to  improve  the  records  are  de¬ 
scribed.  Under  favorable  conditions  the  response  time  is 
found  to  be  as  good  as  20  to  30  nanoseconds .  Preliminary 
values  for  detonation  pressures  and  reaction  times  in  cast 
and  pressed  TNT  and  in  pressed  tetryl  are  found  to  be  in 
good  agreement  with  results  reported  by  Dremin  and  his  co¬ 
workers  . 


INTRODUCTION 

About  10  years  ago  a  promising 
technique,  the  electromagnetic  method 
for  measuring  particle  velocity  in  non¬ 
conducting  or  weakly  conducting  dense 
media  was  introduced  into  the  Russian 
literature  by  Zaitsev,  pokhil,  and 
Shvedov  (1) .  The  method  has  since  been 
widely  exploited  by  Dremin  and  other 
Russian  workers  (2-9)  for  measuring 
particle  velocity  in  detonations  and  in 
media  shocked  by  detonation  wave  impact. 
It  has  been  used  only  to  a  limited  ex¬ 
tent  in  this  country  (10-13)  chiefly 
for  measurements  in  mildly  shocked 
solids .  The  interesting  results  reported 
by  the  Dremin  group  on  particle  velocity 
through  the  reaction  zone  in  detonations 
of  solid  and  liquid  explosives  prompted 
us  to  undertake  an  exploratory  study 
program  to  answer  questions  about  details 
of  the  method  not  fully  discussed  in  the 
Russian  works.  Our  initial  studies  were 
with  the  simple  donor-gap  set-up  of  the 
large  scale  gap  test,  LSGT,  used  at  NOL 
to  assess  the  shock  sensitivity  of  ex¬ 
plosives.  Particle  velocity  was  measured 
in  the  polymethylmethacrylate  (PMMA)  gap 
material  near  the  axis  of  the  experi¬ 
mental  set-up  at  various  distances  from 
the  donor  explosive  (HE) •  These  studies, 
primarily  carried  out  to  learn  what  we 
could  about  the  method,  produced  some 
positive  results  about  the  way  the  shock 
wave  attenuates  in  PMMA.  We  also  learned 
the  hard  way  about  a  few  instrumentation 
problems;  noise  in  the  records  produced 
by  the  detonating  explosive  or  its  air 
shock  and  the  effect  of  poor  instrument 


response  to  the  flow.  Both  problems 
were  fairly  adequately  solved.  A  few 
experiments  to  measure  particle  veloc¬ 
ity  in  detonating  explosives  were  then 
undertaken,  we  will  only  highlight 
here  the  results  of  those  efforts.  The 
PMMA  investigation  is  fully  discussed 
in  a  laboratory  report  (14) -  The 
explosives  work  will  be  reported  later 
(15).  We  conclude  from  our  study  that 
(a)  particle  velocity  can  be  measured 
to  an  accuracy  of  about  2%  provided  the 
medium  does  not  have  a  conductivity  much 
greater  than  10  mho  per  centimeter;  (b) 
that  time  in  the  records  can  be  resolved 
to  about  50  nanoseconds  or  better  under 
favorable  conditions;  (c)  that  some  care 
must  be  exercised  to  eliminate  noise; 
and  (d)  that  the  CJ  particle  velocity 
cannot  always  be  sharply  located  by  a 
distinct  break  in  the  particle  velocity¬ 
time  record. 

Our  inability  to  see  a  distinct 
change  in  the  slope  of  the  particle 
velocity-time  curves  in  detonating 
explosives  may  be  due,  in  part,  to  the 
small  size  of  our  explosive  sample  and 
to  the  close  proximity  of  the  gage  to 
the  plane  wave  booster.  The  results 
suggest,  however,  that  there  may  not  be 
a  sharp  break  in  slope  of  the  u-t  curve 
for  many  explosives  near  their  maximum 
density.  This  possibility  is  considered 
in  the  discussion  section,  within  the 
space  limitations  of  this  report  both 
good  and  bad  recorded  results  are  shown. 
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THE  EMV  GAGE  METHOD 

The  principle  of  the  electromagnetic 
velocity  EMV  gage  is  a  simple  adaptation 
of  Faraday's  law  of  electromagnetic  in¬ 
duction.  a  rectangular  "loop"  of  wire 
or  foil  is  embedded  in  the  non-conducting 
medium  to  be  studied.  The  base  of  the 
loop  of  length,  l,  is  the  sensing  ele¬ 
ment.  It  connects  to  the  arms  in  the 
shape  of  a  squared  letter  U,  see  Fig.  1. 
The  loop  is  connected  to  a  coaxial  line 
either  directly  or  with  a  resistance 
Rx  in  series.  The  coaxial  line,  termi¬ 
nated  by  its  characteristic  impedance, 
is  connected  to  a  recording  oscillo¬ 
graph  (scope)  .  For  a  magnetic  field,  if, 
and  a  loop  enclosing  area.  A,  the  induced 
voltage  in  the  loop  is  proportional  to 
the  time  rate  of  change  of  flux  d(H*A)/dt 
within  the  loop.  When  the  field  is 
normal  to  the  area  and  the  change  in 
flux  is  due  only  to  the  motion  of  the 
base  normal  to  the  field  the  induced 
EMF  is  given  by 

V  *  H  •  U  •  t  •  10“4  (volts)  (1) 

where  the  velocity  of  the  base  is  in 
mm/usec,  l  in  mm,  and  H  in  gauss.  If 
the  base  were  a  foil  of  the  order  of 
20  microns  thick,  its  velocity  would  be 
the  same  as  the  medium  soon  (a  few 
nanoseconds)  after  passage  of  a  shock. 
Thus,  except  for  response  delays,  the 
observed  voltage  will  be  a  direct  measure 
of  the  particle  velocity  of  the  medium? 
the  EMV  gage  is  therefore  an  absolute 
measuring  transducer.  The  time  rate  of 
change  of  flux  has  been  brought  up  to 


make  it  clear  that  motion  of  the  arms 
which  could  change  the  loop  area  or 
change  in  flux  due  to  stray  fields 
would  introduce  errors  in  the  recorded 
voltage.  For  maximum  precision  the 
shock  wave  should  therefore  be  plane  and 
stray  fields  should  be  minimized. 

With  present  day  scopes,  adequate 
output  voltage  is  possible  with  field 
strengths  as  low  as  300  gauss;  we  have 
generally  used  about  1000  gauss  to 
increase  the  signal  to  noise  ratio. 
Practical  gages  would  have  a  base  length 
of  5  to  10  mm,  foil  thicknesses  between 
10  and  80  microns  and  foil  widths  of  1 
to  5  mm.  Aluminum  is  a  good  foil 
material  because  of  its  moderately  low 
shock  impedance  and  high  conductivity. 

It  is  simply  folded  about  a  squared  off 
section  of  the  sample  to  form  the  squar¬ 
ed  U  shape.  Silver  or  copper  would  be 
comparably  good  conductors .  They  may 
be  better  than  aluminum  in  studies 
within  detonating  explosives  where  there 
is  a  possible  danger  that  aluminum  could 
react  with  the  explosion  products  there¬ 
by  reducing  the  conduction  of  the  base. 
For  optimum  recording  the  rise  time  of 
the  oscillograph  should  be  small  relative 
to  the  time  required  to  shock  the  foil 
up  to  the  particle  velocity  in  the  medium 
under  study.  (Rise  time  is  customarily 
defined  in  electronics  as  the  time  for 
the  response  to  a  square  step  input  to 
rise  from  10  to  90%  of  the  steady  value.) 
We  have  used  scopes  of  2.4,  7.0,  and  26 
ns  rise  time.  The  last  was  found  to 
give  relatively  poor  records. 
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EXPERIMENTAL  SET-UP  FOR  PMMA  STUDIES 

Figure  1  shows  schematically  the 
set-up  for  studying  the  particle  veloc¬ 
ity  in  a  plastic  or  an  explosive.  In 
the  studies  with  PMMA  the  set-up  used 
was  that  of  the  donor -gap  configuration 
of  the  NOL  LSGT  (16) .  Referring  to 
Fig.  1,  this  consisted  of  a  pressed 
tetryl  donor  of  density  1.51  ±0.01  g/cc. 
The  donor  had  a  diameter  of  5.08  cm  and 
an  equal  length.  It  has  a  reported 
detonation  velocity  of  7.2  mm/usec. 
Tentatively  the  Chapman- Jouguet ,  CJ, 
detonation  pressure  can  be  taken  to  be 
~195  kbars .  The  explosive  is  point 
initiated  by  a  30  cm  primacord  lead  at 
point  O'.  The  detonator  for  the  prima¬ 
cord  was  of  the  Exploding  Bridgewire  EBW 
type  to  increase  safety  in  the  presence 
of  magnetic  fields*  The  plane  wave 
booster,  PWB,  shown  in  Fig.  1  for  later 
discussion  is  absent.  The  PMMA  samples 
were  machined  from  Plexiglas  rods 
having  a  density  of  1.18  ±0.01  g/cc. 

The  diameter  was  5.08  cm.  The  EMV  gage 
was  made  of  a  foil  of  aluminum  usually 
2  mm  wide;  thickness  6,  13  microns 
(0.5  mils);  and  base  length  either  5  or 
10  mm.  The  gage  and  gap  assembly  was 
formed  by  wrapping  the  foil  about  a 
block  of  PMMA  of  appropriate  width; 
cementing  on  side  blocks  with  the  aid  of 
chloroform  as  a  solvent  to  form  a  cylin¬ 
der;  and  finally  cementing  to  a  cylin¬ 
drical  block  of  length  xo  to  form  the 
gap  between  the  donor  and  the  base  of 
the  gage.  Care  was  taken  to  eliminate 
air  bubbles.  The  total  length  of  PMMA 
was  Xo  +  12.7  mm.  For  future  reference 
the  shock  vs  particle  velocity  relation 
for  the  PMMA  was  assumed  to  be  (17) 

U  *  2.56  +  1.61  u  (ram/usec)  (2a) 

in  the  particle  velocity  range  of  inter¬ 
est.  With  the  above  stated  dimensions 
the  Hugoniot  pressure,  in  kilobars,  is 
given  by  the  equation 

P  *  10  •  U  •  u  •  o0  ,  (2b) 

in  which  P0  *  initial  density  in  g/cc. 

The  gage  arms  were  32  to  44  mm  long, 
including  Rx  when  it  was  used.  In  the 
first  experiments  no  series  resistor  was 
present.  Later  it  was  found,  when  using 
a  fast  response  scope,  that  a  value  of 
Rx  of  about  the  characteristic  impedance 
of  the  coaxial  line  reduced  ringing  in 
the  recorded  signal.  The  exact  value  of 
Rt  was  determined  by  measurement  with  a 
reflectometer  to  find  the  value  for 
minimum  signal  reflection.  The  coaxial 
line  was  an  RG  58C/U,  50  ohm  nominal 
impedance,  5  meters  long.  It  was  termi¬ 
nated  at  the  scope  with  a  50  ohm  termi¬ 
nator  . 


The  magnetic  field  was  obtained  by 
the  use  of  Helroholz  coils  or  an  iron 
core  magnetic.  The  former  had  mean  coil 
diameters  of  38  cm  spaced  19  cm  apart 
to  maximize  the  uniformity  of  the  field 
near  the  gage  base.  This  gave  a  usable 
working  gap  of  about  4  cm.  The  latter 
had  square  pole  faces  of  10.2  cm  on  a 
side  spaced  8.9  cm  apart.  For  this 
magnet  the  field  was  uniform  to  within 
0.6%  in  the  space  required  for  a  measure¬ 
ment.  The  iron  core  magnet  faces  were 
covered  with  6  ram  of  wood  to  protect 
them  and  to  prevent  the  generation  of 
stray  signals  observed  when  the  air 
shock  was  allowed  to  hit  the  conducting 
face . 

A  sheet  aluminum  baffle  reaching 
from  the  periphery  of  the  charge  to  the 
poles  of  the  magnet  was  located  in  the 
plane  of  the  HE- PMMA  interface.  When 
grounded  to  a  coaxial  trigger  line  it 
was  effective  in  reducing  one  source  of 
noise  to  an  acceptably  low  level.  The 
grounding  was  essential. 

Several  oscillographs  and  combina¬ 
tions  thereof  were  used  in  this  study. 
These  are  outlined  below  for  later 
reference  by  letter. 

A.  Two  Hewlitt-Packard  Mod  160  scopes 
in  parallel  with  60  cm  of  RG  56C/U 
between,  terminated  at  the  end. 

Scope  rise  time  of  26  ns . 

B.  A  single  H-P  Mod  160  scope,  line 
terminated  at  scope. 

C.  A  single  Tektronix  Mod  454,  rise 
time  2.4  ns,  terminated  at  scope. 

Ri  of  about  50  ohms  introduced  on 
most  shots  to  eliminate  ringing. 

D.  A  Tektronix  Mod  454  and  a  H-P  175 
(rise  time,  7  ns)  connected  by  an 
impedance  matching  Y  terminator  to 
the  coaxial  line.  (Not  used  for 
PMMA.) 

After  performing  a  number  of  experiments 
with  the  A  set-up  it  was  found  that  the 
method  of  connecting  the  scopes  was 
detrimental  to  response  rise  time.  The 
set-up  was  then  abandonned.  Our  troubles 
in  getting  acceptably  fast  rise  in  the 
recorded  signal  with  the  B  set-up  led 
to  the  use  of  the  faster  scopes .  An 
analysis  of  the  theoretical  response  of 
a  recording  system  was  undertaken  to 
get  a  better  idea  of  what  we  could  ex¬ 
pect.  This  is  described  in  the  next 
section. 

FACTORS  INFLUENCING  RESPONSE 

Rise  Time  Estimate.  In  the  HE- 
PMMA  system  there  are  four  factors  which 
can  influence  the  recorded  signal  response 
time .  These  are :  the  finite  time  for 
a  curved  shock  front  to  intercept  the 
entire  gage  base  after  first  contact; 
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the  finite  time  to  accelerate  the  base 
to  the  particle  velocity  of  the  medium 
under  study?  inherent  response  time  of 
the  oscillograph?  and,  a  time  lag  due 
to  offset  initiation  or  tilt  of  the 
shock  front .  It  is  convenient  to  treat 
the  first  three  in  the  spirit  of  the 
overall  response  of  three  electronic 
circuit  elements  in  tandem.  We  there¬ 
fore  assign  a  mechanical  rise  time  to 
the  first  two  factors?  Tx  being  de¬ 
fined  as  the  time  for  90%  of  the  base 
to  be  intercepted  by  the  wave,  T8  being 
the  time  for  the  base  to  acquire  90% 
of  the  particle  velocity  of  the  medium 
when  the  shock  is  a  square  step,  and  T3 
being  the  oscillograph  rise  time.  The 
effect  of  tilt  of  the  shock  cannot  be 
predetermined.  A  simple  approximation 
to  the  overall  rise  time  (for  electronic 
circuits)  can  be  found  in  elementary 
texts  on  oscillography .  It  is 

T0  =  (E  T±2)  1/7  .  (3) 

In  the  present  application  T0  is  taken 
to  be  an  estimate  of  the  time  to  90%  of 
maximum  signal  response  for  a  square 
step  shock.  The  time  Tx  for  90%  of  the 
base  length  to  be  set  in  motion  by  a 
shock  with  a  radius  of  curvature  r0  and 
velocity  U  is  acceptably  approximated 
by  the  equation 

Tx  =  (0.9£)2/(8  •  r0  •  U)  .  (4) 

A  graphical  analysis  of  the  velocity 
attained  by  an  aluminum  foil  shocked  by 
PMMA  shows  that  two  double  transits, 
shock  followed  by  rarefaction,  in  the 
aluminum  are  sufficient  to  reach  90% 
or  greater  of  the  particle  velocity  of 
the  PMMA._  T,  is  therefore  assumed  to 
be  4  •  ft/u,  6  being  the  thickness  of 
the  foil  and  0  the  average  wave  speed  in 
the  metal. 

For  purposes  of  estimate  in  our 
experiments  we  assumed  the  nominal  values 
r0  *  55  mm,  U  *  5.5  mm/usec,  and  0  *= 

5.8  mm/usec  leading  to  a  Tx  of  32  ns  when 
l  is  10  mm  and  8  ns  when  I  is  5  mm.  The 
value  of  T#/6  is  0.7  ns/micron?  Tt  is  then 
9  ns/micron  for  the  13  micron  foil.  When 
the  gage  is  used  in  explosives  the  value 
of  6  ranged  from  25  to  125  microns?  0  is 
somewhat  higher  than  5.8  because  of  the 
higher  pressures  involved.  We  therefore 
estimate  Ts  to  range  from  16  to  80  ns 
in  that  application.  When  the  shock  is 
plane  the  term  Tx  is  absent.  If  the 
oscilloscope  has  a  rise  time  of  10  ns  or 
less  the  overall  rise  time  for  a  plane 
shock  in  HE  will  usually  be  dominated 
by  the  transit  time  in  the  foil  unless 
a  significant  amount  of  shock  wave  tilt 
is  present.  T0  gives  us  information 
about  the  response  which  can  be  expected 
when  the  shock  is  a  square  step.  The 


question  we  also  want  to  answer  is, 

“What  is  the  response  to  the  decaying 
particle  velocity  behavior  generally 
encountered?" 

Response  Prediction.  In  typical 
shock  wave  problems  the particle  veloc¬ 
ity  jumps  to  a  maximum  value  and  then 
decays.  The  initial  decay  is  either 
approximately  linear  in  slope  or  an 
approximately  linear  slope  followed  by 
an  abrupt  or  gradual  change  to  a  lesser 
slope.  The  response  to  a  jump  to  u0 
followed  by  a  linear  slope  is  a  curve 
which  rises  to  a  maximum  value  less 
than  u0  at  a  finite  time  after  shock 
arrival,  Tmax,  a  rounding  off?  and  then, 
after  a  time  Tiin,  an  approximately 
linear  decay.  To  illustrate  the  re¬ 
sponse  and  estimate  the  relation  between 
T0  and  Tmax  or  Txin  the  electromechanical 
response  of  the  measuring  system  may  be 
approximated  by  the  response  of  an  RC, 
resistance-capacitance,  circuit  to  a 
driving  voltage  which  has  a  linear  decay 
following  a  step  jump  in  the  input.  In 
the  problem  the  input  voltage  is  given 
by  the  equation 

Z0  =  e0/e00  «  1-a-t  =  l-a-6-T  (5) 

where  e0  is  the  input  voltage,  e00  its 
initial  value,  t  is  the  time,  0  *  t/T 
is  a  dimensionless  time,  and  t  *  RC  is 
the  time  constant  of  the  circuit.  The 
rise  time  T  for  the  RC  circuit  (10  to 
90%  response)  is  readily  shown  to  be 
2 . 2t .  It  is  assumed  to  represent  the 
rise  time  T0  of  the  gage  measuring 
system.  The  response  of  the  RC  circuit 
to  the  above  driving  function  when  the 
output  is  connected  across  the  capaci¬ 
tance  is 

Z  =  e/e00  =  l-aT0-(aT+l)  t*p  (-0)+aT  . 

(6) 

A  graphical  comparison  of  Eqs .  (5)  and 
(6)  for  several  values  of  the  slope, 
a  •  t,  shows  the  time  to  maximum  in 
the  response  curves  to  vary  from  2.5  to 
4t.  A  value  of  Troax  of  about  1.5  T0  is 
a  reasonable  mean.  The  output  very 
nearly  parallels  the  input  at  a  time  of 
about  4.5t?  Tiin  can  then  be  taken  as 
about  2T0 .  These  values  provide  a 
means  of  estimating  the  rise  time  of 
the  system  when  the  oscillograms  re¬ 
semble  the  result  of  Eq.  (6) . 

To  answer  the  question,  “What  is 
the  rise  time  needed  to  detect  a  change 
in  slope  whice  occurs  shortly  after  the 
initial  jump?",  a  problem  allowing  for 
two  linear  slopes  in  the  input  was  set 
up  and  solved.  The  input  in  this  case 
is  normallized  to  a  time  tx  ?  i.e., 

eo /®o i  '  1  -  fcjtt/t,  -  1)  (7) 
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where  tx  is  the  time  at  which  the  input 
changes  from  slope  ICq  to  ^  .  The  input 
voltage  is  e01  at  time  tx  .  It  is  con¬ 
venient  to  make  the  problem  dimension¬ 
less  by  introducing  the  variables 
y  -  t/tj  ,  0  =  T/tj  ,  Z±  =  e±/e01  .  The 
input  is  then 

Z0  =  1  -  kj  (y  -  1)  .  (8) 

The  equation  for  the  output  is 

Z  =  Z0  -  Aj  exp (-y/0)  +  kj0  .(9) 

The  values  of  Aq  and  Ax  are  found  to  be 

A„  =  1  +  k0  +  kg  0  ,  and 

A,  =  Ag  -  (k0  -  k, )  •  0  •  exp (1/0). 

(10) 

Equations  (8)  through  (10)  define  the 
dimensionless  input  and  output;  for 
y  ^  1 ,  j  *  0 ;  for  y  >  1 ,  j  «  1 .  The 
solutions  of  these  equations  for  kx  *  0.1, 
ko  «  1,  and  0  varying  from  0.1  to  2  are 
shown  in  Fig.  2.  These  parameters  have 
given  sufficient  information  to  draw 
the  general  conclusions  desired  re¬ 
garding  rise  time  requirements.  Other 
values  of  the  kj's  can  be  tried  if  the 
reader  desires.  We  note  in  Fig.  2  that 
the  inflection  is  not  seen  in  the  re¬ 
sponse  when  0  is  of  the  order  of  0.8  or 
greater;  is  barely  discernible  when  0 
is  0.4;  and  is  quite  distinct  when  0 
is  0.2.  The  initial  slope  is  fairly 
close  to  the  input  when  0  is  0.2  or  less. 
The  conclusion  is  that  the  overall  rise 
time  of  the  electromechanical  system 
should  be  less  than  half  the  time  to  a 
break  in  the  input  particle  velocity  if 
it  is  desired  to  define  the  particle 
velocity  at  early  times  as  well  as  an 
abrupt  change  in  slope  with  any  degree 
of  precision.  The  equations  are 
derived  and  discussed  in  detail  in 
reference  (14). 

Electrical  Conduction  of  the  Medium. 
The  motion  of  a  conducting  medium  sur- 
rounding  the  arms  of  the  EMV  gage  will 
generate  a  voltage  in  the  same  way  that 
the  base  motion  produces  a  voltage  (18) . 
If  the  mean  “plasma"  velocity  is  iden¬ 
tical  to  the  base  velocity  no  error 
would  be  recorded.  But  if  the  particle 
velocity  in  the  medium  is  changing  on 
a  particle  path  the  plasma  velocity 
will  not  be  the  same  and  generated 
voltage  across  the  arms  will  differ 
from  that  of  the  gage  base.  The  extent 
to  which  this  difference  will  affect 
the  recorded  signal  will  depend  on  the 
average  resistance  and  velocity  of  the 
plasma  as  seen  by  the  arms  relative  to 
the  resistance  and  velocity  of  the  base 
itself.  The  problem  of  plasma  conduction 


Fig.  2  Dual  Slope  Input  and  Response 
for  an  RC  Circuit 

is  most  likely  to  occur  in  measurements 
within  a  detonating  explosive.  An 
estimate  of  the  greatest  deviation  of 
plasma  velocity  from  base  velocity 
would  be  a  number  of  the  order  of  ±50%. 
For  a  plasma  resistance  of  50  times  the 
base  resistance  or  greater  a  50%  de¬ 
viation  in  plasma  velocity  would  affect 
the  precision  of  a  measurement  by  no 
more  than  1%.  without  going  into  great 
detail  about  our  estimates  we  have  con¬ 
cluded  that  for  measurements  with  50 
micron  aluminum  or  copper  foils  the 
medium  resistivity  could  be  as  low  as 
0.1  ohm-cm  without  adversely  affecting 
the  measurement  of  particle*  velocity 
by  the  gage.  The  influence  of  plasma 
conduction  can  be  reduced  by  thickening 
the  base  foil  and  possibly  by  appro¬ 
priate  insulation  of  the  base  and  arms . 
Reported  resistivities  for  several  ex¬ 
plosives  (18-21)  give  evidence  that 
the  mean  plasma  resistance  will  usually 
be  high  enough  and  therefore  not 
troublesome.  If  an  aluminum  foil  were 
eroded  or  reacted  with  the  explosive, 
measurements  could  depart  from  the  real 
particle  flow  with  increase*  of  time 
after  the  initial  shock  arrival. 
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Results  of  the  PMMA  Experiments. 

Appr oximately  45  experiments  were  con - 
ducted  with  PMMA  in  the  donor-gap  set-up. 
The  kinds  of  recrods  obtained  with 
different  recording  systems  will  first 
be  discussed.  The  findings  on  u  vs  t 
and  the  initial  value  of  u  vs  xq  will 
then  be  briefly  mentioned.  About  a 
third  of  the  experiments  were  rejected; 

9  for  excessive  ringing,  5  for  loss  of 
record  or  calibration.  None  of  the  poor 
records  could  be  attributed  to  foil 
break  in  the  gage.  A  better  percentage 
of  successes  is  now  expected  because  of 
the  experience  gained  in  eliminating 
the  ringing  problem. 

A  summary  of  the  experiments  is 
shown  in  Table  I.  It  can  be  seen  that 
the  extrapolated  initial  particle  veloc¬ 
ity  becomes  independent  of  the  system 
rise  time  when  the  gap  distance  x0  is 
4  mm  or  greater.  This  is  a  consequence 
of  the  absence  of  a  steep  decay  in  the 
particle  velocity  following  the  shock 
at  the  greater  distances .  Table  II 
shows  the  predicted  and  observed  times 
to  the  maximum  of  the  response  for  the 
several  recording  set-ups.  Figure  3  is 
one  of  the  records  obtained  with  set-up 
A,  the  poor  response  system.  Though 
the  record  looks  pretty  good  the  time 
to  maximum  is  bad,  about  300  ns.  The 
break  in  the  curve  at  t  ~  2.5  usee  is 
due  to  the  arrival  of  the  shock  at  the 
free  boundary  of  the  PMMA.  Figure  4 
shows  a  better  record  taken  with  the  B 
set-up  and  a  5  mm  gage  base  length. 

The  time  to  maximum  is  about  80  ns, 
about  as  predicted.  Figure  5,  taken 
with  the  fastest  oscillograph  arrange¬ 
ment  shows  a  rise  to  maximum  in  54  ns. 

The  total  sweep  time  in  this  record  is 
not  much  greater  than  the  rise  time  in 
Fig.  3.  The  ringing  observed  at  about 
315  ns  was  probably  excited  by  a  sharp 
change  in  slope  of  the  particle  velocity. 


Fig.  5  Record  Obtained  with  Set-up  C 
(Shot  No.  108) 

Some  pertinent  information  about 
the  reproducibility  of  detail  has  been 
found  in  a  series  of  experiments  taken 
at  the  same  gap  distance,  0.86  mm. 

The  recording  conditions  varied  from 
shot  to  shot.  Two  of  our  bad  records, 
Figs.  6  and  7  were  originally  rejected 
because  of  ringing  as  well  as  a  poor 
calibration  in  the  latter.  For  compari¬ 
son  a  new  shot  with  our  best  set-up  was 
added  at  the  end  of  the  series .  This 
experiment,  read-outs  from  Figs.  6  and  7, 
and  two  other  records  are  traced  in 
Fig.  8.  The  ordinates  have  been  dis¬ 
placed  to  assist  in  comparison.  The 
plots  are  unsmoothed;  when  ringing 
occurs  the  plot  is  represented  by  a 
dashed  line  or  a  wavy  line.  Times  at 
which  related  changes  in  slop  occur  are 
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Fig.  6  Noisy  Record  which  Showed  u 
vs  t  Detail  of  Interest 
(Shot  No.  92) 


I  1  usee 

Fig.  7  Noisy  Record  with  Conditions  as 
in  Fig.  6  Except  for  a  Change 
in  Scope  (Shot  No.  97) 

are  labelled  A  to  D.  What  originally 
caught  our  eye  in  Figs.  6  and  7  was  a 
related  flattening,  3C  and  4C,  followed 
by  a  steepening  at  3D  and  4D.  Traces 
that  had  been  obtained  at  greater  dis¬ 
tances  from  the  HE  interface  had  shown 
this  type  of  behavior  at  earlier  times 
following  the  shock  arrival.  The  re¬ 
sult  appeared  to  be  spurious  until  this 
detail  was  found  in  the  previously  re¬ 
jected  oscillograms.  Curve  1  confirms 
the  breaks  in  the  curves  albeit  the 
timing  is  not  in  perfect  agreement.  The 
corresponding  values  of  u  are  in 
fairly  good  agreement  if  we  allow  the 
assumption  that  the  calibration  in  curve 
4  is  about  10%  too  low. 
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Fig.  8  Comparison  of  4  Gage  Response 
for  PMMA •  Gage  at  0.86  mm 
from  HE  Interface 

Curves  1,  2,  and  3  show  related 
detail  at  time  A,  and  curves  1,  3,  and 
4  show  related  detail  at  B;  again  not 
precisely  at  the  same  times .  In  curve 
5,  the  poor  response  has  washed  out  all 
of  the  early  detail.  It  shows  only  one 
inflection  in  slope.  This  clearly 
relates  to  point  C  in  curve  1.  It  is 
evident  in  comparing  curves  5  and  1 
that  extrapolation  of  curve  5  from  C 
back  to  shock  arrival  time  gives  an 
incorrect  initial  particle  velocity. 

It  is  equivalent  to  extrapolating  curve 
1  from  C  through  B  to  zero  time.  It  is 
unfortunate  that  we  do  not  have  any  two 
curves  which  correspond  exactly,  we 
have  done  better  in  some  of  the  work 
in  which  the  gage  is  embedded  in  an 
explosive.  What  is  shown  here  is  that 
the  EMV  method  shows  promise  for  extract 
ting  detailed  information  about  the  flow 
we,  as  yet,  have  not  fully  realized 
the  promise.  As  things  now  stand  we 
find  fairly  gogd  agreement  in  curves  1 
through  4  for  the  first  500  nanoseconds. 
For  PMMA  in  the  LSGT# initial  particle 
velocities  with  an  accuracy  of  the  order 
of  2%  have  been  obtained  by  extrapolat¬ 
ing  the  best  records  to  shock  arrival 
times . 

Figure  9  is  a  plot  of  these  initial 
particle  velocity  vs  gap  distance.  Data 
for  Xq  less  than  4.4  mm  are  from 
records  taken  with  set-up  C.  When  x0 
is  greater  than  4.4  mm  all  oscillo¬ 
scope  systems  gave  about  the  same 
results.  Five  points  taken  from  the 
work  of  Liddiard  and  Price  (16)  are 
shown  for  comparison.  The  agreement 
at  the  selected  points  with  the  pre¬ 
vious  work  is  0  to  4%.  Figure  10  is  a 
peak  pressure-distance  curve  computed 
from  the  data  of  Fig.  9  using  Eqs .  (2a) 
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and  (2b) •  Por  comparison  the  earlier 
calibration  curve  of  (16)  is  included. 
The  significant  difference  in  the  two 
curves  (for  x0  less  than  10  mm)  suggests 
that  the  older  curve  was  extrapolated 
with  insufficient  information  to  proper¬ 
ly  define  the  curve.  Although  we  are 
not  fully  satisfied  with  the  present 
result,  we  consider  it  to  be  an  improve¬ 
ment  . 


Pig.  9  Initial  Particle  Velocity  in 
PMMA  vs  Distance  from  HE 
Interface 


Fig.  10  Initial  Peak  Pressure  in  PMMA 
vs  Distance  from  HE  Interface 


Studies  in  Solid  Explosives.  Par¬ 
ti  cl e“veTociry^urves^ere~oEtaTned  for 
pressed  TNT  (o0  =1.60  g/cc) ,  cast  TNT 
(o0  *  1-62  g/cc),  and  tetryl  (p0  =1.51 
g/cc)  as  the  test  sample  in  a  plane 
wave  initiated  system.  Also  studied 
were  the  flows  for  point  initiated 
tetryl  at  various  radii  and  two  veloc¬ 


ities  where  the  gage  was  located  at  the 
interface  between  pressed  TNT  or  tetryl 
in  contact  with  PMMA.  All  measurements 
were  made  in  cylinders  of  50.8  mm  diam¬ 
eter.  The  EMV  gage  base  had  a  length 
of  10  mm,  a  width  of  5  mm,  and  a  thick¬ 
ness  of  130  microns  (5  mils)  except  as 
noted.  The  field  strength  was  usually 
about  800  gauss  but  fields  as  low  as 
250  gauss  have  been  used  successfully. 
Noisy  records  were  somewhat  less  of  a 
problem  than  for  PMMA;  however,  it  was 
found  desirable  to  continue  the  use  of 
a  grounded  baffle.  The  baffle  was 
placed  at  the  interface  with  the  PWB  in 
the  case  of  pressed  TNT.  The  cast  TNT 
was  initiated  by  a  pressed  TNT  charge 
following  the  PWB  with  the  baffle 
located  at  the  boundary  between  these 
two  charges.  The  PWB  was  primacord 
initiated  at  0  in  Pig.  1. 

Pigure  11  shows  the  results  of 
three  good  experiments  and  one  bad  with 
pressed  TNT.  The  poor  response  in  the 
bad  record  has  washed  out  the  typical 
reaction  zone  velocities  yet  the  re¬ 
corded  particle  velocities  after  reach¬ 
ing  maximum  are  still  of  the  right 
order  of  magnitude.  The  PWB-gage 
distance  was  25.4  mm.  The  expected 
time  to  maximum  is  about  100  to  125  ns, 
in  agreement  with  the  3  good  records. 
The  break  in  slope  at  about  190  ±10  ns 
is  interpreted  as  giving  the  reaction 
zone  time  for  pressed  TNT.  A  best 
estimate  of  the  corresponding  CJ  parti¬ 
cle  velocity  is  1.63  mm/usec.  An 
experiment  with  the  EMV  gage  located 
at  the  interface  between  pressed  TNT 
and  PMMA,  shown  in  Pig.  12,  gives  a 
reaction  time  of  about  150  ns.  The  CJ 
particle  velocity  computed  from  the 
record  is  1.67  mm/usec.  This  result 
is  somewhat  higher  than  the  previous 
result  as  well  as  that  found  by  Dremin 
(22)  for  a  pressed  density  of  1.59. 


TIME,  *ec 


Pig.  11  EMV  Gage  Records  in  Pressed  TNT 
at  25.4  ram  from  Plane  Wave 
Booster 
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Fig.  12  Record  Obtained  at  Interface 
Between  Pressed  TNT  and  PMMA, 
at  25.4  ram  from  Plane  Wave 
Booster 

Cast  TNT  has  been  studied  at  gage 
to  PWB  distances  from  12.7  to  76  ram. 
(Distance  includes  a  12.7  mm  pressed  * 
TNT  booster  to  assure  reliable  detona¬ 
tion.)  One  result,  typical  of  the 
observation  for  a  gage  distance  of 
25.4  nun  is  compared  with  a  pressed  TNT 
record  in  Fig.  13.  This  and  several 
other  shots  (see  Fig.  14)  suggest  a 
reaction  time  in  cast  TNT  of  about  300 
ns,  the  value  obtained  by  Dreroin  (5) • 
Our  best  estimate  for  the  CJ  particle 
velocity  is  1.60  mm/ usee,  in  good 
agreement  with  Dremin. 


Fig.  13  Comparison  of  Results  for  Cast 
and  Pressed  TNT  at  25.4  mm 
from  PWB.  (Cast  TNT  initiated 
by  12.7  mm  of  pressed  TNT 
following  PWB.) 

Figure  15  shows  a  few  selected 
results  for  the  pressed  tetryl;  three 
were  initiated  at  a  point,  the  fourth 
on  a  plane  at  50.8  mm  from  the  gage. 

We  note  that  all  of  the  particle  veloc¬ 


ities  come  together  at  a  time  of  about 
70  to  100  ns.  Our  best  estimate  of 
the  CJ  particle  velocity  is  1.75  mm/usec 
An  experiment  with  the  gage  at  the  inter 
face  between  tetryl  and  PMMA ,  plane 
wave  initiation,  gives  a  value  of  u^j 
of  1.70  mm/usec  and  a  break  time  of 
about  200  ns.  The  aluminum  foil  gage 
thickness  was  25  microns  in  the  tetryl 
experiments.  Check  shots  with  130 
micron  foils  gave  results  in  agreement 
with  the  thinner  foil  except  at  early 
times  after  shock  arrival.  An  increas¬ 
ing  error  in  particle  velocity  with 
time  is  possible  for  the  point  initiated 
charges  due  to  diverging  motion  of  the 
arms .  It  is  expected  that  the  error 
'rom  this  source  would  be  small  in  the 
' irst  100  to  200  ns • 


Fig.  14  Effect  of  Gage  Distance  from 
PWB  on  Particle  Velocities 
for  Cast  TNT 


Fig.  15  Gage  Records  for  Pressed 

Tetryl,  Both  Point  and  Plane 
Initiation 

*6.35  mm  pressed  TNT  was  used  for  the 
12.7  mm  distance. 
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DISCUSSION 

Based  on  our  present  experience 
with  the  EMV  method,  we  cannot  as  yet 
endorse  it  as  a  one  shot  method  for 
obtaining  reliable  data.  This  is  no 
great  criticism  since  there  are  very 
few  experimental  methods  for  the  study 
of  strong  shocks  and  detonations  which 
can  qualify  as  single  experiment  tests. 

In  repeat  EMV  experiments  it  is  gen¬ 
erally  found  that  most  of  the  u-t  curves 
will  agree  to  about  ±2%  in  particle 
velocity  at  a  given  time.  We  have  al¬ 
ready  seen  quantitative  reproduction  of 
detailed  structure  in  a  few  instances. 
This  is  important  because  the  ultimate 
utility  of  the  method  will  be  greatly 
enhanced  when  one  can  use  it  for  de¬ 
fining  details  of  the  flows  in  shocks 
and  detonations.  With  present  day 
oscilloscopes  having  rise  times  of 
10  nanoseconds  and  less  the  experiment 
rise  time  is  found  to  be  limited  by  the 
transit  time  of  the  initial  shocks  in 
the  base  of  the  gage  itself.  In  detona¬ 
tion  experiments  the  need  for  using  25 
to  125  micron  foils  sets  rise  time 
limits  of  between  20  and  100  ns  on  the 
recording  system.  In  this  regard  a 
properly  conducted  free  surface  velocity 
experiment  may  be  able  to  obtain  some¬ 
what  better  initial  particle  velocities 
than  the  EMV  gage.  By  the  use  of 
-splitting  off-  foils  (22),  a  free 
surface  measurement  can  be  made  in  a 
time  which  is  long  enough  to  assure  a 
good  velocity  measurement.  This  ad¬ 
vantage  is,  however,  offset  to  a  great 
extent  by  the  need  for  many  repeat 
experiments  to  outline  a  u-t  curve  for 
an  explosive  and  the  need  for  the  equa¬ 
tion  of  state  of  the  sensing  plate. 
Improvements  in  the  insulation  of  the 
gage  from  the  medium  could  make  it 
possible  to  improve  the  experimental 
rise  time  of  the  EMV  gage.  This  requires 
further  investigation. 

The  determination  of  a  CJ  particle 
velocity  and  a  reaction  zone  time  by 
the  EMV  gage  has  required  judgement  to 
select  the  point  on  the  curves  which 
one  would  associate  with  the  “termina¬ 
tion"  of  the  reaction.  This  is  not 
always  a  simple  matter.  In  our  pressed 
TNT  records  there  was  little  choice  but 
to  take  the  time  at  which  the  u-t  curve 
levels  off  as  the  CJ  value.  This  leads 
to  a  moderately  reproducible  particle 
velocity  but  a  fairly  wide  spread  in 
the  selected  reaction  time.  It  is 
unlikely  that  the  time  spread  is  real; 
the  explosive  is  likely  to  be  fairly 
reproducible  from  shot  to  shot  except 
for  an  occasional  bad  experiment.  Part 
of  our  time  error  can  be  attributed  to 
the  fact  that  the  initial  time  of  break 
from  the  baseline  is  more  difficult  to 


pinpoint  than  are  relative  times  after 
the  initial  shock  has  passed.  A  zero 
error  of  20  to  40  ns  is  not  unlikely. 
This  is  about  the  error  in  the  time  we 
associate  with  the  reaction.  The  cast 
TNT  results  are  far  less  clear  for 
defining  the  CJ  point.  Dremin  has 
stated  a  reaction  time  of  300  ns.  We 
see  consistent  but  not  too  sharp  changes 
in  slope  at  this  time.  Note  however, 
that  in  Fig.  14  there  is  a  second  slope 
change  at  about  600  ns  in  the  records 
for  gage  distances  of  25  and  38  mm. 

This  break  has  been  seen  repeatedly. 

It  could  be  due  to  lateral  rarefaction. 
It  might  be  the  end  of  the  reaction  zone 
but  this  is  doubtful  because  of  the  low 
particle  velocity.  There  is  a  hint  in 
the  fact  that  the  particle  velocity 
does  not  follow  the  pressed  TNT  curve 
below  1.6  mm/usec,  that  the  reaction 
may  not  be  terminating  abruptly  at 
about  300  ns  but,  in  fact,  continues 
well  beyond  that  time.  One  possible 
explanation  for  what  we  are  seeing  is 
that  the  reaction  in  cast  TNT  near  the 
end  of  the  reaction  zone  is  homogeneous 
and  of  order  1  or  higher. 

Sternberg  (23)  in  a  theoretical 
analysis  of  the  reaction  zone  for  a 
laminar  flow  model  has  shown  that  the 
detonation  for  a  homogeneous  first 
order  reaction  never  becomes  truly 
steady.  An  examination  of  his  Fig.  6, 
a  1-D  computer  run  with  fine  zoning, 
shows  that  the  time  at  which  (u  +  c)/D 
equals  1  increases  with  run  distance. 

At  run  distances  corresponding  to  our 
experiments  the  reaction  may  be  99+* 
complete  yet  the  wave  shape  continues 
to  change  with  run  distance,  What  this 
says,  in  effect,  is  that  there  is  no 
sharp  termination  of  the  reaction  for 
the  homogeneous  first  order  reaction 
and  the  best  one  can  do  is  to  approxi¬ 
mate  an  effective  reaction  time  and  CJ 
pressure.  It  is  generally  agreed  that 
the  reaction  for  cast  or  pressed  ex¬ 
plosives  is  initiated  by  a  hot  spot 
mechanism  even  in  a  steady  detonation. 

It  has  been  the  fashion  to  assume  that 
the  heterogeneous  reaction  persists  all 
the  way  to  the  CJ  point  in  the  case  of 
steady  detonation.  When  one  considers 
the  fact  that  the  entire  body  of  a  high 
density  explosive  is  compression  heated 
once  the  detonation  is  established,  the 
need  for  assuming  heterogeneous  reaction 
throughout  the  zone  vanishes.  Single 
crystals  of  TNT  will  detonate  by  a 
relatively  homogeneous  reaction,  so 
why  not  cast  solids  or  even  pressed 
solids  near  their  theoretical  maximum 
density?  We  may  state  further  that  if 
less  than  1%  residual  energy  is  suffi¬ 
cient  in  an  idealized  problem  to  marked¬ 
ly  alter  the  shape  of  a  detonation  wave 
near  the  end  of  reaction,  there  is  good 
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reason  to  expect  a  similar  influence  in 
the  real  explosive.  Equilibrium  shifts 
in  the  real  reaction  will  continue  to 
alter  the  energy  term  throughout  the 
reaction  and  rarefaction  and  the  magni¬ 
tude  of  the  energy  change  could  easily 
amount  to  more  than  1%.  In  addition, 
the  unstable  wave  structure  of  the  type 
seen  in  nitromethane  detonations  is 
certainly  present  in  all  detonations  of 
polycrystalline  explosives.  The  fre¬ 
quency  of  these  fluctuations  is  probably 
too  high  to  be  observed  by  the  gage  be¬ 
cause  of  response  limitations.  The 
average  which  is  observed  is  still 
subject  to  equilibration  both  spatial 
and  chemical.  It  is  suggested  that  the 
net  result  appears  more  like  the  effect 
of  a  homogeneous  first  order  reaction 
than  of  a  heterogeneous  reaction. 

In  closing,  we  are  strongly  of  the 
opinion  that  the  electromagnetic  veloc¬ 
ity  method  is  inherently  a  good  technique 
which  will  be  of  considerable  value  as 
a  tool  for  unravelling  the  complex 
problems  of  detonation  waves  and  shocks 
in  condensed  media. 
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TABLE  I 


DATA 

AND 

PEAK  VELOCITY  FOR 

PMMA 

x0 ,  mm  Shot 

t ,  mm 

H,  gauss 

No. 

mm/us ec 

System  A 

0.25 

46 

10.0 

1410 

2.06 

0.25 

51 

5.0 

1250 

2.01 

0.86 

49 

5.0 

1190 

1.90 

1.0 

52 

5.0 

1225 

1.90 

1.5 

54 

5.0 

1275 

1.83 

1.5 

55 

5.0 

1230 

1.84 

2.0 

56 

5.0 

1160 

1.78 

2.0 

53 

5.0 

1275 

1.77 

2.7 

43 

10.0 

1100 

1.70 

2.8 

45 

10.0 

1455 

1.71 

4.4 

40 

10.0 

1180 

1.65 

4.6 

44 

10.0 

1250 

1.63 

6.9 

42 

10.0 

1240 

1.52 

7.1 

39 

10.0 

1300 

1.53 

10.0 

41 

10.0 

1305 

1.43 

10.0 

38 

10.0 

1355 

1.42 

20.0 

24 

10.0 

535 

1.11 

20.0 

25 

10.0 

920 

1.15 

25.0 

27 

5.0 

980 

1.03 

25.0 

28 

5.0 

980 

1.01 

TABLE  I  (continued) 


x0  ,  mm 

Shot 

No. 

A,  mm 

H,  gauss 

mm/usec 

System 

2.2 

B 

87 

5.0 

1200 

1.89 

4.8 

88 

5.0 

1350 

1.60 

System 

0.25 

C 

118 

5.0 

770 

2.26 

0.25 

120 

5.0 

700 

2.27 

0.86 

108 

10.0 

980 

2.25 

0.86 

183 

5.0 

779 

2.22 

2.0 

119 

5.0 

748 

2.05 

3.0 

117 

5.0 

790 

1.88 

4.0 

116 

5.0 

7  90 

1.61 

20.0 

121 

5.0 

725 

1.14 

TABLE  II 

OSCILLOSCOPE  RESPONSE  ESTIMATES 

OBSERVATIONS,  NANOSECONDS 

AND 

Set-up 

A  or 

B 

C 

Gage  Base 

10  mm 

5  mm 

10  mm 

5  mm 

Estimated: 

Ti 

32 

8 

32 

8 

CM 

h 

9 

9 

9 

9 

T3 

25 

25 

2.4 

2.4 

T0 

42 

33 

33 

11.5 

T 

max 

63 

50 

50 

17 

Tlin 

85 

66 

66 

23 

Observed : 

T 

200 

50 

20 

max 

to 

~40 

to 

to 

400 

64 

31 
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DETERMINATION  OF  CONSTITUTIVE  RELATIONSHIPS* 
WITH  MULTIPLE  GAGES  IN  NON -DIVERGENT  WAVES 


M.  Cowperthwai te  and  R.  F.  Williams 
Stanford  Research  Institute 
Menlo  Park,  California  94025 

Constitutive  relationships  are  calculated  from  multiple  Lagrangian  gage 
records  obtained  in  one-dimensional  wave  experiments  by  integrating  the 
flow  equations  expressing  conservation  of  mass  and  momentum  along  a 
particle  path.  Specifically  for  flow  adjacent  to  a  constant  state, 
particle  velocity-stress  relationships  are  calculated  from  multiple 
stress-time  profiles  by  integrating  the  combined  mass  and  momentum 
equations,  and  specific  volume-particle  velocity  relationships  are 
calculated  from  multiple  particle  velocity-time  profiles  by  integrating 
the  continuity  equation;  but  these  relationships  are  in  general  approxi¬ 
mate  because  the  material  derivatives  required  to  perform  the  integrations 
are  generated  from  gages  separated  by  finite  distances.  Steady  state, 
simple-isentropic ,  and  simple  nonisentropic  waves  are  shown  to  be  the 
only  flows  that  allow  constitutive  relationships  among  stress,  particle 
velocity,  and  specific  volume  to  be  determined  exactly  with  either  a 
pair  of  stress  gages  or  a  pair  of  particle  velocity  gages.  Procedures 
are  formulated  for  using  three  gages  to  test  for  these  special  types 
of  flow  and  determine  constitutive  relationships  when  the  flow  is 
more  complicated. 


INTRODUCTION 

The  development  of  Lagrange  gages  (1-7)  for 
measuring  a  series  of  particle  velocity-time  or 
stress-time  profiles  in  shock  wave  experiments  is 
an  important  advance  in  the  study  of  materials 
under  one-dimensional  strain  conditions  in  com¬ 
pression  and  rarefaction  waves.  The  records  from 
these  gages  provide  a  means  of  calculating  consti¬ 
tutive  relationships  among  stress,  particle 
velocity,  and  specific  volume  directly  from  the 
equations  of  motion  expressing  the  conservation 
of  mass  and  momentum. 

The  present  paper  develops  the  theoretical 
basis  of  the  analysis  for  calculating  constitutive 
relationships  with  multiple  gage  data.  Different 
methods  of  integrating  the  flow  equations  with 
gage  records  are  discussed,  the  basic  difference 
between  stress  and  particle  velocity  gages  is 
established  from  the  relationship  between  the 
stress  and  particle  velocity  fields,  and  a 
general  procedure  is  formulated  for  the  determ¬ 
ination  of  constitutive  relationships  with  three 
gages.  Properties  of  the  curves  of  constant 
stress  and  particle  velocity  in  the  time-distance 
plane  are  used  to  show  that  exact  constitutive 
relationships  among  stress,  particle  velocity, 
and  specific  volume  can  be  determined  equally  as 
well  with  a  pair  of  particle  velocity  gages  as 


*  This  work  was  supported  by  the  U.S.  Atomic 
Energy  Commission. 


with  a  pair  of  stress  gages  only  if  the  flow  is 
a  steady-state,  a  simple  isentrcpic,  or  a  simple 
nonisentropic  wave. 

THE  BASIC  EQUATIONS 

Constitutive  relationships  among  stress  q, 
particle  velocity  u,  and  specific  volume  v  are 
generated  from  multiple  gage  records  obtained  in 
one-dimensional  experiments  by  integrating  the 
flow  equations.  We  will  first  derive  the  integral 
expressions  used  to  calculate  these  relationships 
with  derivatives  extimated  from  gage  data.  It  is 
convenient  to  write  the  flow  equations  in  mixed 
Eulerian-Lagrange  coordinates  as 


)u\  / dh\ 

)h  )  (  Bx  )  ® 

(1) 

\ot'h  v 

*),  ■ 0 

(2) 

where  p  =  1/v  denotes  density,  t  and  x  denote 
time  and  Eulerian  distance,  and  the  Lagrange 
coordinate  h  denotes  the  initial  position  of  a 
particle.  We  will  denote  parameters  at  the  front 
of  the  wave  by  f  and  assume  that  the  wave  propa¬ 
gates  into  a  constant  state  (v  ,q>  ,u  ).  If  the 
front  of  a  compressive  wave  is°treated  as  a  shock 
discontinuity,  then  h  =  hf(t)  denotes  the  shock 
path  and  vf,<jf,  and  uf  are  related  by  the  Rankine- 
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Hugoniot  jump  conditions.  Otherwise  v  =  v  ,a  = 
crQ»  and  u  =  u  along  the  curve  h  =  h  (t)  separat¬ 
ing  a  region  of  flow  from  the  constant  state. 

Integrating  Eq.(l)along  a  particle  path  (h= 
constant)  with  the  identity 

(Bu/Bh)  =  (d/dt  (Bx/Bh)  ).  gives  the 
t  t  h 

specific  volume  as 


v(h,  t)_  l  + 


<3> 


the  particle  velocity  as 


u(h,t)  -  u  = 
o 


dt 


wave.  For  convenience  in  writing  equations,  we 
will  adopt  the  notation  of  Fowles  and  Williams  (8) 
and  set  (Bh/Bt)  =  C  and  (Bh/Bt)  =  C  .  Then 
Eqs.  (3)  and  (4)ca*X  be  a transformed  Unto  ¥he  equat¬ 
ions 


u(h,  t) 


C  (h, u) 
u 


V<M>=  x  -  J* 

Vo  U 

o 

cr(h,  t) 

u  (h,  t)  -  u  =  v 

o  o  J 


- &_ 

C  (h,cr) 


(5) 


(6) 


particle  velocity.  Since  both  stress  and  particle 
velocity  gages  are  assumed  to  follow  a  particle 
path,  Lagrange  coordinates  are  the  natural  coord¬ 
inates  for  the  gage  analysis.  Moreover,  Eqs. (3) 
and (5) are  the  natural  expressions  for  determining 
(v  -  u)  relationships  with  particle  velocity 
gages,  and  Eqs. (4) and(6) are  the  natural  expressions 


(3) 

gages. 

Equivalent 

expressions 

for  the  stress 

difference  between 

two  particle 

paths  h^  and 

gives 

a(h2,t) 

-  aOyt)  = 

ph2  /  B 

' '  p° 1 #1  (s 

i  *  ■ 

(4) 

U(h  ,1) 

PQ 

1  c 

(t , u)du 

(10) 

the 

u(h1,  t) 

are  obtained  by  integrating  Eqs . (2) and (9) along 

isochrones  between  h  and  h  . 

1  2 

DETERMINATION  OF  CONSTITUTIVE  RELATIONSHIPS  WITH 
TWO  GAGES 

Let  1  and  2  denote  a  pair  of  gages  situated 
at  h^  and  h^.  Then  the  assumptions 


&)«■(&),  ■ 


12  a2(t)-a1(t) 


h2  "  hl 


with  the  identities  Cu(Bt/Bu)h  (Bu/Bh)^  =  _  /6h\Ai6  n2  ”  ni 

Cj-Cdt/dor)^  (Bor/Bh)^  =  -  1.  Differentiating  Eqs.  °  V^Vq.  t2  i 

5$ and (6) gives  the  differential  equations  express- 


and 


12  -  h 


(ID 


(12) 


(5)  and  (.61 gives  the  differential  equations  express¬ 
ing  balance  of  mass  and  balance  of  mass  and 
momentum  along  a  particle  path  in  terms  of  C  and 
C  as  u 

a 

V 

(7) 

'h  "u 


/M  _  Vo 

H _ '  k 

(&)h  =  poCa  • 


(8) 


can  be  used  to  calculate  (uncr)  relationships  from 

a  pair  of  stress  gage  records  (<j  -  t)  and 

CcT 2  “  *)  with  Eqs .  (4) and  (6)  ;  and  the  assumptions 


/a h\  _  1 6u\12  u2(t)  '  ui(t) 

\Sh)t  ~  \5h/t  -  h2  -  hx 

c  -  /6M12  -  h2  ' 
u 


(13) 


(14) 


The  combination  of  Eqs. (1) (2)  and(7)gives  the 
equation  expressing  balance  of  mass  and  momentum 
along  an  isochrone  as 

(ll)t  =  Po  cu  (9> 

Equation (7) relates  the  v(h,t)  and  u(h,t)  fields 
in  flow  adjacent  to  a  constant  state.  At  any 
point  in  the  (h,t)  plane,  the  directional  deriva¬ 
tive  of  v  with  respect  to  u  along  the  particle 
path  is  determined  by  the  direction  derivative 
along  the  curve  of  constant  particle  velocity. 
Equations  (8)and  (9)relate  thea(h,t)  and  u(h,t) 
fields  in  flow  adjacent  to  a  constant  state.  At 
any  point  in  the  (h,t)  plane,  the  directional 
derivative  of  q-  with  respect  to  u  along  a  particle 
path  is  determined  by  the  directional  derivative 
along  the  curve  of  constant  stress;  but  the 
directional  derivative  of  q-  with  respect  to  u 
along  the  isochrone  is  determined  by  the  direct¬ 
ional  derivative  along  the  curve  of  constant 


can  be  used  to  calculate  (v  -  u)  relationships 
from  a  pair  of  particle  velocity  gage  records 
(u  -  t)  and  (u2  -  t)  with  Eqs.  (3)and  (5) .  The 
validity  of  constitutive  relationships  calculated 
with  Eqs.  (3  -  6)obviously  depends  on  the  validity 
of  Eqs.  (11-14).  In  general  they  will  contain 
errors  because  Eqs. (ll-14)are  approximations  for 
the  derivatives. 

The  relationship  between  the  stress  and 
particle  velocity  fields  expressed  by  Eqs.(6)and 
(lO)demonstrates  a  basic  difference  between  stress 
and  particle  velocity  gages.  In  general,  consti¬ 
tutive  relationships  among  u,  and  v  can  be 
determined  with  a  pair  of  stress  gages  but  not 
with  a  pair  particle  velocity  gages.  Whereas  a 
pair  of  (qt  -  t)  profiles  allow  calculation  of  u 
and  v  along  the  gages,  a  pair  of  (u  -t)  profiles 
allow  calculation  of  v  along  the  gages  and  the 
difference  in  stress  between  the  gages.  It  is 
clear  that  relationships  among  q-,  u,  and  v  can 
also  be  calculated  with  records  from  a  particle 
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velocity  gage  and  a  combined  stress-particle  veloc¬ 
ity  gage  <9) . 

It  is  important  to  determine  flow  conditions 
that  in  theory  allow  the  exact  determination  of 
constitutive  relationships  among  (j,  u,  and  v  with 
two  gages.  The  first  step  is  to  determine  when 
Eqs. ( U7I4) are  satisfied.  It  is  sufficient  to 
consider  Eqs. (ll)and(12) since  they  can  be  trans¬ 
formed  into  Eqs.  (13)  and  (14)  by  replacing  <j  by  u. 
Consider  (dtr/dh)  t  as  a  function  of  h  and  t  and 
C  as  a  function  of  q  and  h,  then  Eqs. (ll-12)can 
b?  written  as 


(h  -  h  ) 

C  =  — - - -  (16) 

a  r 

I  dh/Qy(cr,h) 
hi 

with  the  exDressions  obtained  by  integrating 
(^ar/dh)^  along  an  isochrone  and  C  along  an  iso¬ 
bar  between  h  and  h.  If  (dtr/dh)^  is  constant  or 
a  function  only  of  t,and  C  is  constant  or  a  func¬ 
tion  only  of  q,  then  Eqs. (15) and (16) are  satis¬ 
fied  since  the  derivatives  can  be  taken  outside 
the  integral  sign.  If  Eqs. (15) and(16) are  satis¬ 
fied,  then  differentiating  Eq. (15) with  respect  to 
h  at  constant  t,  and  Eq.(16)with  respect  to  h  at 
constant  g-  gives  the  equations 


(17) 


(18) 


which  are  satisfied  respectively  when  (dcr/dh) 
is  constant  or  a  function  of  t,  and  C  is  a 
constant  or  a  function  of  g.  We  ha ve^ verified 
the  following  intuitive  propositions  for  determ¬ 
ination  of  constitutive  relationships  with  two 
gages: 

Proposition  1.  The  (u  -  a )  relationships 
calculated  with  a  pair  of  stress  gage  records  are 
exact  in  the  domain  of  the  (t  -  h)  plane  spanned 
by  the  gages  if  and  only  if  either  (a)  the  stress 
is  a  linear  function  of  h  along  an  isochrone,  or 
(b)  the  curves  of  constant  stress  are  straight 
lines. 


Proposition  2.  The  (v  -  u)  relationships 
calculated  with  a  pair  of  particle  velocity 
records  are  exact  in  the  domain  of  the  (t  -  h) 
plane  spanned  by  the  gages  if  and  only  if  either 
(a)  the  particle  velocity  is  a  linear  function 
of  h  along  an  isochrone,  or  (b)  the  curves  of 
constant  particle  velocity  are  straight  lines. 

Conditions  that  allow  the  exact  determination  of 
the  stress  difference  along  isochrones  with  two 
particle  velocity  gages  are  defined  by  Eq.(10). 
The  stress  difference  between  h^  and  h can  be 
calculated  exactly  with  a  pair  of  (u  -  t)  records 


for  two  types  of  flow.  In  one  of  these  flows 
(du/dt)^  does  not  depend  on  h,  and  in  the  other 
C  does  not  depend  on  t.  We  car  state  proposit¬ 
ion  3: 

Proposition  3.  The  time  dependence  of  the 
difference  in  stress  between  twc  particle  velocity 
gages  can  be  calculated  exactly  with  the  gage 
records  if  either  (a)  the  particle  velocity  field 
is  separable  into  a  function  of  h  and  a  function 
of  t  or  (b)  the  curves  of  constant  particle  veloc¬ 
ity  connecting  the  gages  are  straight  lines. 

The  next  step  is  to  determine  the  compati¬ 
bility  of  Eqs.  (11-14).  For  practical  purposes, 
however,  we  need  only  consider  Eqs.  (12)and(14) 
since  Eqs.  (11 )and  (13)al low  integration  of  the 
flow  equations  from  the  wave  front  along  only 
one  of  the  gages.  Since  the  wave  front  is  a 
curve  of  constant  stress  and  constant  particle 
velocity  and  (C  )f  =  (Cu)f,  Eqs.  (12)and  (14)def  ine 
the  derivates  and  C  along  both  gages  from 

the  wave  front.  ^But  EqsV  (11) and (13)def ine 
(dcx/dh)^  and  (du/dh)^  from  the  *ave  front  only 
along  the  second  gage  entering  the  wave.  The 
calculation  of  constitutive  relationships  using 
the  curves  of  constant  stress  and  particle  veloc¬ 
ity  was  first  formulated  by  Will iams  (6-7)  in 
Eulerian  coordinates.  The  analysis  becomes 
simplified  with  the  Lagrange  formulation  and 
notation  introduced  by  Fowles /10) .To  put  the 
analysis  on  a  firm  basis,  we  will  determine  the 
class  of  flows  that  satisfy  Eqs . (12) and(14) , 
Consider  stress  as  a  function  of  time  and  parti¬ 
cle  velocity,  particle  velocity  as  a  function  of 
h  and  stress,  and  let  d  (u ,g-)/d  (t ,  h)  denote  the 
Jacobian  of  the  transformation  from  the  variables 
t  and  h  to  u  and  (j .  Then  combination  of  the 
identities 


da 

-(fj 

‘)  «  ♦  (1 

u)  dU 

(19) 

7U  \01 

It 

du 

- 

~  \T\ 

>)  dh  +  (s 

;)  * 

(20) 

\ot 

'o  V* 

7I  h 

C 

a 

-  C 

u 

/dh\  /a  1 

=  \5Sjt  U 

d(u,a> 
r)t  ST^h) 

(21) 

gives  the  following  differential  forms 

0 

Q. 

II 

£ 

(c 

a 

I  dt  +  p  C  du 

0  u 

(22) 

p  du  = 

0 

(c_1 

u 

-  <'  (is 

)  J  dh  +  C  a  * 

(23) 

The  fact 

that  du  and  dcr 

are  perfect  differentials 

leads  to 

the 

equations 

(24) 


(C  -  C 

a 


(£)„]),' (^)u 


(25) 


Integrating  Eq.(24)  along  a  particle  path  and 
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Eq.(25)along  an  isochrone  from  the  wave  front 
where  (C^)  =  (C  )f  gives  the  following  equations 

for  the  difference  between  C  and  C  , 

(7  “ 


C  (h,t)  -  C  (h,t)  = 

a  u 


o 


We  will  consider  flows  satisfying  Eqs.  (12)  and(14)  . 
In  the  first  case  when  the  curves  of  constant 
stress  are  straight  lines  CL-  =  Eq.(26) 

gives  C  =  C  since  (dC  /dt| =  °»  and  Eqs. (21) 
and(27)ugive  the  compatibility  conditions 

d (q , u)/d  (h, t)  =  (SC  /St)  =  0.  If  the  curves  of 
u  u 

constant  stress  are  straight  lines,  they  are  also 
curves  of  constant  particle  velocity  and  stress 
is  a  function  of  particle  velocity  only.  In  the 
second  case  when  the  curves  of  constant  particle 
velocity  are  straight  1 ines  Cu  =  Cu(u),  Eq.  (27) 
gives  Cg.  =  Cu  since  (ScySt)u  =  0,  and  Eqs.  (21) 
and(26)  give  the  compatibility  conditions 
S  (q,u)/S  (h,  t)  =  (SCg/St^  =  0.  If  the  curves 
of  constant  particle  velocity  are  straight  lines, 
they  coincide  with  the  curves  of  constant  stress, 
and  particle  velocity  is  a  function  of  stress 
only.  On  the  other  hand,  if  stress  is  a 
function  of  particle  velocity  (d  Qy,u)/S  (h,  t)=0) 
in  a  flow  adjacent  to  a  constant  state,  then 
Eq.  (21)  gives  C-=  Cu  and  the  compatibility 
conditions  (dC^/dt)  =  (dCu/dt)u=  0  follow  from 
Eqs.  (26)  and (27} .  We  have  proved  the  theorem: 

Theorem  1 .  For  flows  adjacent  to  a  constant 
state  the  curves  of  constant  stress  and  particle 
velocity  coincide  and  are  straight  lines  if  and 
only  if  the  stress  is  a  function  of  particle 
velocity  only. 

Theorem  1  is  valid  for  both  isentropic  and  non- 
isentropic  flow  since  it  was  proved  without  using 
the  energy  equation  and  consequently  without  any 
restriction  on  the  entropy.  Flows  exhibiting 
rays  of  constant  stress  and  particle  velocity 
are  the  steady-state  wave,  the  isentropic  simple 
wave,  and  the  nonisentropic  simple  wave.  Fogles 
and  Williams  (8)  discussed  steady-state  and  isen¬ 
tropic  simple  waves  but  did  not  consider  the  poss¬ 
ibility  of  nonisentropic  simple  waves.  Since 
standard  texts  (11)  on  wave  propagation  deal  only 
with  simple  isentropic  waves,  the  usual  concept 
of  a  simple  wave  must  be  extended  to  include  non¬ 
isentropic  flow.  The  yielding  process  induced 
in  aluminum  by  shock  loading  has  been  observed (7) 
to  be  a  nonisentropic  simple  wave.  In  a  steady- 
state  wave  propagating  at  constant  velocity 
D , C  =  C  =  D  and  the  rays  of  constant  stress 
ancFparticle  velocity  are  parallel  to  the  front. 

In  a  simple  wave  C  and  C  are  equal  and  are 
functions  of  stres?.  When  C  =  C  ,  constitutive 

a  uf 


relationships  among  cr,  u,  and  v  can  be  generated 
with  a  pair  of  particle  velocity  gages  as  well 
as  with  a  pair  of  stress  gages.  In  this  case,  a 
pair  of  (u  -  t)  profiles  provide  as  much  infor¬ 
mation  as  a  pair  of  (q  -  t)  profiles  since  Eq. (8) 
can  be  integrated  to  obtain  the  (q  -  u)  relation¬ 
ship  along  a  particle  path.  We  can  therefore 
state  proposition  4  for  determination  of  constitu¬ 
tive  relationships  in  one  dimensional  experiments 
with  two  gages. 

Proposition  4.  Constitutive  relationships 
among  stress,  particle  velocity  and  specific 
volume  can  in  theory  be  determined  equally  as 
well  with  a  pair  of  particle  velocity  gages  as 
with  a  pair  of  stress  gages  in  flows  satisfying 

the  condition  C  =  C  .  Theorem  2  then  follows  as: 

a  u 

Theorem  2.  For  flow  adjacent  to  a  constant 
state,  the  determination  of  constitutive  relation¬ 
ships  among  stress,  particle  velocity,  and  specific 
volume  in  a  domain  of  the  (t  -  h)  plane  spanned 
by  a  pair  of  gages  is  in  theory  exact  if  and  only 
if  the  flow  is  a  simple  wave  or  a  steady-state 
wave. 

DETERMINATION  OF  CONSTITUTIVE  RELATIONSHIPS  WITH 
THREE  GAGES 

In  general  three  gages  should  be  used  to 
determine  constitutive  relationships  because  the 
data  from  three  gages  are  required  to  test  when 
these  relationships  can  be  calculated  exactly. 

For  convenience  in  discussing  three  gages  let  3 
denote  a  third  gage  and  let  (6h/6t)iJ  with  s  equal 
to  a  or  u  denote  (hj  -  hi)/(tj(s)  -  tA(s))  with 
hj  >  hi  for  Sa£es  1  and  J*  Then  the  (  (6h/6t)  *  d-s) 
relationships  calculated  from  the  three  experi¬ 
mental  (s  -  t)  records  provide  a  means  of  testing 
for  a  steady-state  or  simple  wave.  First,  plots 
of  (6h/6t)gJ  against  s  are  made  to  test  for  steady 
state  flow.  If  (6h/6t)^  do  not  depend  on  s,  then 
the  flow  in  the  region  of  the  gages  has  attained 
a  steady  state,  C^.  and  Cu  are  equal  and  constant, 
and  Eqs.  (5)  and  (6)  become  the  well  known  Rankine- 
Hugoniot  conditions  for  balance  of  mass  and  bal¬ 
ance  of  momentum.  If  (6h/6t)gJ  depend  on  s,  then 
plots  of 

(6h/6t)*3/  (6h/6t*2  and  (6h/6t)23/  (6h/6t)12 
against  s  are  made  to  test  whether  they  depend  on 
h.  If  these  ratios  are  independent  of  s  and  equal 
1,  then  (Sh/St)1^  are  independent  of  h,  the  flow 
is  a  simgle  wave,  and  Eqs . (5) and(6) with  C  =  C  = 
(6h/6t)s  are  used  to  calculate  the  corresponding 
relationships  among  stress,  particle  velocity  and 
specific  volume.  Recently  multiple  particle  veloc¬ 
ity  gages  have  been  used  to  show  that  the  release 
process  in  shocked  Arkansas  novaculite  and  re¬ 
constituted  playa  alluvium  is  a  simple  wave  (5).  If 
these  ratios  are  independent  of  s  but  have  differ¬ 
ent  values,  then  (fih/fit)1^  depend  on  h  but  exact 
constitutive  relationships  can  be  calculated 
between  pairs  of  gages  with  Eqs. ( 5)  and(6)  .  With 
three  stress  gages  (u  -  (j)  relationships  can  be 
calculated,  and  with  three  particle  velocity  gages 
(v  -  u)  relationships  can  be  calculated.  If  the 
ratios  are  found  to  depend  on  s  then  constitutive 
relationships  can  be  calculated  with  the  analysis 
presented  in  the  next  paragraph. 
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For  more  general  types  of  flow  with  ♦  C 
Taylor’s  theorem  is  used  to  calculate  derivatives 
in  the  region  spanned  by  three  gages.  Thus  with 
neglect  of  third  and  higher  order  derivatives, 

expressions  for  C  and  C  in  the  range  h  £h^h 
,  .  ..  a  u  13 

can  be  written  as 


considered.  The  difference  between  multiple 
stress  and  particle  velocity  gages  is  dis¬ 
cussed,  and  a  general  procedure  is  formulated 
for  the  determination  of  constitutive  relation¬ 
ships  with  three  gages. 


+ 


(28) 


(29) 


Relationships  among  <j,  u,  and  v  can  be  cal¬ 
culated  with  Eq.(28)in  a  region  spanned  by  three 
stress  gages  but  not  in  a  region  spanned  by  three 
particle  velocity  gages.  The  (v  -  t)  profiles  in 
the  range  h  £  h  £  h  are  calculated  from  three 
Ccr  “  t )  profiles  by  first  integrating  the  momentum 
equation  to  obtain  (u  -  t)  profiles  and  then 
integrating  the  continuity  equation.  Specifically 
Eq. (6)gives  (u  -  t)  profiles,  Eq.(5)gives  (v  -  t) 
profiles,  and  the  errors  made  in  calculating 
particle  velocity  are  compounded  in  calculating 
specific  volume.  Specific  volume-time  profiles 
are  calculated  from  three  (u  -  t)  profiles  by 
integrating  the  continuity  equation  but  the 
momentum  equation  cannot  be  integrated  to  give 
Ccr  ”  t)  profiles  unless  stress  is  known  along  a 
curve  intersecting  the  isochrones.  Specifically, 

Eq .  (5) gives  (v  -  t)  profiles  but  Eqs. (10) and (17) 
give  the  difference  in  q  and  C  along  an  isochrone. 
Since  a  combination  Qj  -  u)  ga^e  gives  stress 
along  a  particle  path,  constitutive  relationships 
among  <j ,  u,  and  v  can  be  determined  with  a  stress- 
particle  velocity  gage  and  two  particle  velocity 
gages.  Without  a  Qy  -  u)  gage,  it  is  necessary  to 
make  an  additional  approximation  to  calculate 
(a  ~  u)  relationships  with  three  (u  -  t)  profiles. 
The  approximation  C  =  C  allows  (q  -  u)  relation¬ 
ships  to  be  calculated  vflth  Eq.(8),and  extrapolation 
of  the  particle  velocity  gage  data  to  the  wave 
front  allows  (or  -  u)  relationships  to  be  calcu¬ 
lated  with  Eq.(10).  Errors  in  (u  -  q)  relation¬ 
ships  generated  from  three  <cr  -  t)  profiles  and 
in  (v  -  u)  relationships  generated  from  three 
(u  -  t)  profiles  are  expected  to  be  of  the 
same  order.  But  errors  in  (v  -  u)  relationships 
generated  from  three  (j  -  t)  profiles  and  errors 
in  (or  -  u)  relationships  generated  from  a  <cr, u-t) 
profile  and  two  (u  -  t)  profiles  are  not  easily 
compared  because  of  the  different  paths  of 
integration. 


CONCLUSIONS 

We  have  developed  the  theoretical  basis  of 
the  gage  analysis  used  to  calculate  constitutive 
relationships  with  multiple  gage  records  obtained 
in  one-dimensional  wave  experiments.  Flow 
conditions  for  the  analysis  to  be  exact  have 
been  derived,  and  limitations  resulting  from  the 
finite  separation  of  the  gages  have  been 


In  theory,  constitutive  relationships  among 
stress,  particle  velocity,  and  specific  volume 
can  be  determined  exactly  with  particle  velocity 
gages  when  the  curves  of  constant  particle 
velocity  in  the  time-distance  plane  are  found  to 
be  straight  lines,  and  with  stress  gages  when 
the  curves  of  constant  stress  arc*  found  to  be 
straight  lines.  Compatibility  conditions  define 
the  class  of  flows  with  rays  of  constant  particle 
velocity  and  stress.  The  curves  of  constant 
particle  velocity  and  stress  coincide  and  are 
straight  lines  if  and  only  if  stress  depends 
only  on  particle  velocity,  and  this  condition  is 
satisfied  by  steady  state  waves,  simple  isentropic 
waves  and  simple  nonisentropic  waves.  In  practice, 
a  minimum  of  three  stress  or  particle  velocity 
gages  is  required  to  test  for  this  limited  class 
of  flows.  But  when  such  a  flow  is  observed, 
exact  relationships  among  stress,  particle 
velocity,  and  specific  volume  can  be  calculated 
equally  as  well  with  a  pair  of  particle  velocity 
gages  as  with  a  pair  of  stress  gages. 

In  general,  multiple  Lagrange  stress  gages 
provide  more  information  than  multiple  Lagrange 
particle  velocity  gages.  Along  a  particle  path, 
it  is  possible  to  generate  particle  velocity¬ 
time  profiles  from  stress-time  profiles  by  inte¬ 
grating  the  momentum  equation,  and  to  generate 
specific  volume-time  profiles  from  particle 
velocity-time  profiles  by  integrating  the  conti¬ 
nuity  equation;  but  it  is  not  possible  to 
generate  stress-time  profiles  from  particle 
velocity  time  profiles  unless  the  flow  is  a 
steady-state  or  a  simple  wave.  It  is  for  these 
reasons  that  specific  volume-stress  relationships 
can  always  be  calculated  with  multiple  stress  gage 
records,  but  not  with  multiple  particle  velocity 
gage  records. 

The  analysis  developed  for  determining  consti¬ 
tutive  relationships  with  three  stress  gages  uses 
Taylor’s  theorem  to  estimate  derivatives  along 
particle  paths  in  the  domain  of  the  time-distance 
plane  spanned  by  the  gages.  In  practical  situat¬ 
ions  when  C  *  C  ,  experiments  should  be  designed 
so  that  the^gages  are  situated  where  the  flow  is 
weakly  time  dependent.  It  is  best  to  measure 
relationships  between  stress  and  particle  velocity 
and  calculate  the  corresponding  relationship 
between  specific  volume  and  particle  velocity  with 
particle  velocity  gage  data,  because  errors  are 
in  general  compounded  in  calculating  the  relation¬ 
ship  between  specific  volume  and  stress  with  stress¬ 
time  profiles.  In  principle,  the  3tress-part icle 
velocity  relationship  can  be  determined  in  two 
experiments  by  measuring  first  stress-time  profiles 
and  then  the  corresponding  particle  velocity¬ 
time  profiles,  or  in  one  experiment  by  using 
combination  stress-particle  velocity  gages.  In 
the  event  that  particle  velocity  gages  cannot 
be  used  in  unsteady  flows  with  -  C  ,  then 
stress-specific  volume  relat ionstiips  Umust  be 
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determined  with  stress  gages.  Here  again  judicious 
positioning  of  stress  gages  is  required  to  minimize 
the  error  in  stress-specific  volume  relationships 
incurred  by  the  necessity  of  integrating  the 
continuity  equation  with  particle  velocity  profiles 
calculated  with  stress  gage  data. 
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SHOCK-INDUCED  ELECTRICAL  POLARIZATION 


OF  A  SOLID  EXPLOSIVE 


J.  Morvan  and  H.  Pujols 
Commissariat  k  l'Energie  Atomique 
B.P.  2,  33  -  Le  Barp  -  France 


An  electrical  polarization  of  explosive  molecules  is  observed, 
when  a  shock  wave  initiates  the  detonation  in  a  solid  ex¬ 
plosive.  Experimentally,  the  explosive  (hexolite  85/20)  placed 
between  two  electrodes  connected  through  a  resistance,  gene¬ 
rates  an  electrical  signal  characterizing  the  transition  and 
detonation  zones  :  (i)  as  long  as  the  studied  explosive  is 
only  submitted  to  the  reactive  shock  wave,  the  emitted  signal 
is  similar  in  shape  to  that  of  a  shock-induced  polarization  of 
an  inert  dielectric;  (ii)  when  the  explosive  is  thick  enough 
for  the  detonation  to  be  initiated,  the  signal  consists  of  two 
successive  parts,  one  being  imputed  to  the  explosive  in  pro¬ 
cess  of  initiation,  the  second  one  to  the  detonated  explosive. 
Initial  pressure  varied  between  40  and  130  kbar.  Optical  me¬ 
thods  have  confirmed  the  interpretation  of  obtained  signals. 
The  transition  zone  thickness  may  be  deduced  from  the  measu¬ 
red  times.  The  phenomenon  is  attributed  to  a  molecular  pola¬ 
rization  due  to  the  reactive  shock  preceding  the  detonation. 


INTRODUCTION 

When  a  heterogeneous  explosive  is 
submitted  to  a  shock  wave,  a  reactive 
shock  expands,  which  can  initiate  the 
detonation  in  a  very  short  time.  The 
chemical  reaction  begins  immediately 
at  the  interface  and  accelerates  the 
shock  front  by  supplying  more  and  more 
energy  till  the  reach  of  the  steady  de¬ 
tonation  mode. 

The  experimental  study  of  detona¬ 
tion  initiation  usually  consists  in  ob¬ 
serving  the  reactive  shock  wave  motion 
on  the  sample  surface  by  means  of  high 
speed  cinematography  standard  technics, 
it  follows  that  the  collected  results 
can  only  account  for  the  dynamic  of 
phenomenon . 

The  presented  method,  before  used 
by  Travis  for  liquid  explosives  (1), 
permits  the  analysis  "in  situ"  of  the 
physical  behaviour  of  the  solid  explo¬ 
sive  and  so  supplies  at  the  same  time 
dynamic  and  physico-chemical  informa¬ 
tion  about  the  explosive  decomposition 
behind  the  shock  front. 


This  method  consists  in  placing  the 
the  studied  explosive  between  two  me¬ 
tallic  electrodes  connected  through  a 
resistance  and  in  observing  the  voltage 
drop  which  results  from  the  electrical 
polarization  of  explosive  molecules ; 
the  signal  evolution  is  typical  of  the 
reactive  shock  and  detonation  wave. 

This  phenomenon  which  we  think  to 
be  a  consequence  of  the  change  in  the 
dipole  moment  of  explosive  molecules 
behind  the  shock  front  preceding  the 
reaction  zone  could  offer  a  new  field 
for  the  microscopic  study  of  detonation. 

EXPERIMENTATION 

A  disk  of  solid  explosiv  (hexo¬ 
lite  85/20)  50  mm  diameter  by  h  thick 
(l^h41°mrr0  is  placed  between  two  elec¬ 
trodes  (Fig.  l).  The  electrode  at  ground 
potential  is  a  disk  200  mm  diameter  pla¬ 
ced  in  direct  contact  of  an  explosive 
plane  wave  lens;  its  nature  and  thick¬ 
ness  are  variable  in  order  to  change 
the  intensity  of  the  pressure  pulse  in 
the  explosive  sample.  The  backing  elec¬ 
trode  is  a  copper  disk  30  mm  diameter 
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Backing  electrode 


Propane  or  silicon  oil 

^  Connector  for 


coaxial  cable 


Explosive  plane  wave  lens 


Fig.  1  -  Experimental  arrangement 


with  a  guard  ring  30  mm  i.  dia.,  50  mm 
o.  dia.,  which  reduces  the  curvature  ef¬ 
fects  of  the  shock  wave  in  sample  and 
also  those  of  electric  current  lines. 

The  whole  is  mounted  in  a  metallic  tight 
box  filled  with  propane  or  silicon  oil, 
which  realizes  a  screening  cage  against 
the  electrical  outside  effects. 

The  signal  is  measured  at  the  ter¬ 
minals  of  a  6oA  equivalent  resistance 
with  Tektronix  555  and  556  oscilloscopes. 
The  resistance  Rq  which  connects  the 
guard  electrode  with  the  ground  is  such 
that  the  time  constant  of  the  measure 
circuit  is  equal  to  that  of  the  guard 
circuit . 

EXPERIMENTAL  RESULTS 

A.  RECORDS 

The  electrical  signals  observed 
with  this  device  are  of  two  shapes,  ac¬ 
cording  as  the  detonation  is  or  not  ini¬ 
tiated  in  the  thickness  h  of  explosive. 

ht  being  the  thickness  of  transition 
zone  (explosive  thickness  in  which  the 
reactive  shock  expands)  at  the  initia¬ 
ting  pressure  P,  if  h^h^  ,  the  detona¬ 
tion  cannot  originate  in  the  sample  and 
the  signal  is  only  due  to  the  reactive 
shock.  In  this  case,  it  looks  like  that 
emitted  by  a  plastic  or  ionic  material, 
types  I  and  II  of  Fig.  2  (2). 

The  shock  enters  into  the  explosive 
at  time  t0  and  leaves  at  time  ti  ,  the 
interval  t^  -  tQ  corresponds  to  the 
transit  time  of  the  reactive  shock, which 


is  used  to  determine  directly  its  ave¬ 
rage  velocity. 


Fig.  2  -  Schematic  polarization 
signals  for  h  ^  ht 


The  rise  time  of  the  signal  excee¬ 
ding  the  rise  time  of  the  recording  ins¬ 
truments  can  be  due  to  the  curvature  or 
obliquity  of  the  initiating  shock  wave. 

If  h>  h^,  the  detonation  begins  in 
the  sample  and  produces  signals  of  types 
III  and  IV  (Fig.  3) . 

The  reactive  shock  wave  travels  the 
specimen  in  the  time  t^  -  tQ  and  genera¬ 
tes  a  signal  shape  similar  to  those  of 
Fig.  2.  The  detonation  begins  at  time 
t^  and  reaches  the  backing  electrode  at 
time  t2 .  Its  typical  signal  is  always  a 
sharp  negative  pulse  followed  by  a  po¬ 
sitive  rise.  The  records  of  Travis  (l) 
in  liquid  explosives  show  equivalent 
shapes . 
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Fig.  3  -  Schematic  polarization  signals  for  h  >  h^ 


The  explosive  thickness  h^  traver¬ 
sed  by  the  detonation  wave  is  given  by 
the  equations  : 

Kt  =  k  -  kd 

where  D  is  the  detonation  velocity  of 
the  studied  hexolite  (8.1  mm/jis). 


The  average  velocity  of  the  reac¬ 
tive  shock  U*  at  — -  (or 

ti  - 1« 

f  when  h  ^  ht)  permits  to 
calculate  an  average  value  of  the  ini¬ 
tiating  pressure  in  the  explosive  from 
the  linear  relation  (3)  :  U  «  2.4  + 

1.66  u  (mm/ys).  These  values  are  in 
agreement  with  those  determined  by  the 
shock  polars  (P,u)  for  the  shock  gene¬ 
rating  system. 


Different  types  of  oscillograms 
are  shown  in  Fig.  4. 


This  analysis  of  polarization  si  - 
gnals  was  confirmed  by  simultaneous  op¬ 
tical  and  electronic  observations. 

In  this  case  an  explosive  plate 
5mm.  thick  with  a  20°  wedge  took  the 
place  of  the  explosive  disk.  The  elec¬ 
tronic  measurements  were  obtained  by 
means  of  an  electrode  30mm  dia.  without 
guard  ring,  the  optical  observation  by 
means  of  reflectivity  change  of  an  alu¬ 
minized  mylar  layer  covering  the  wedge 
and  illuminated  by  an  argon  flash. 

Such  records  are  shown  in  Fig.  5- 
The  change  in  slope  observed  by  optical 
means  at  the  beginning  of  the  detonation 
corresponds  to  the  apparition  of  the  ne¬ 
gative  peak  on  the  oscillogram,  as  admit 
ted  in  the  preceding  paragraph. The  thick 
ness  of  the  transition  zone  calculated 
by  both  methods  agree  generally  in  less 
than  0.2  mm. 


P  =  48  kbar  h  =  5  mm 
500  ns/cm,  2  V/cm 


P  =  67  kbar  h  =  10  mm 
500  ns/cm,  0.5  V/cm 


P  =  130  kbar  h  =  3  mm 
200  ns/cm,  2  V/cm 


Fig.  4  -  Typical  oscillograms 
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To  oscilloscopes 


To  streak  camera 

Backing  electrode 

Argon  flash 

Sample 
Buffer 


Explosive  plane 

lens  wave  1 


(a) 


(b) 


Fig.  5  -  (a)  -  Experimental  arrangement  for  coupled  measurements 

(b)  -  Oscilloscope  and  streak  camera  records 
(oscillogram  :  200  ns/cm,  1  V/cm) 


B.  RESULTS 

The  experimental  results  are  listed 
in  Table  I.  The  shock  pressure,  the  cha¬ 
racteristics  of  specimens,  the  type  of 
signal,  the  transition  and  detonation 
times,  the  thickness  of  the  transition 
zone  are  indicated  with  the  average  value 
of  the  reactive  shock  velocity  and  the 
initial  amplitude  of  the  polarization 
current,  extrapolated  to  time  tQ  by  idea¬ 
lizing  signals  with  zero  risetime.  The 
last  column  gives  the  amplitude  of  the 
initial  current  relative  to  a  sample  of 
constant  thickness  3mm.  and  calculated 
by  taking  in  account  that  the  initial 
current  is  proportional  to  the  area/ 
thickness  ratio  of  the  sample (4).  These 
last  values  permit  a  comparison  of  ob¬ 
tained  signals  at  varied  pressures.  Ho¬ 
wever  their  evolution  is  rather  irregu¬ 
lar  . 


INTERPRETATION  OF  RESULTS 

Though  we  do  not  know  the  micros¬ 
copic  mechanism  of  the  shock-induced 
polarization  of  a  solid  explosive,  we 
can  nevertheless  localize  its  origine  : 
thus  the  importance  of  the  initial  va¬ 
lue  of  the  dipole  moment  relative  to 
the  compressed  molecule  about  16  Debyes, 
deducted  from  the  analysis  (4)  of  the 
recorded  signal  for  a  sample  5  mm  thick 
submitted  to  a  60  kbar  shock,  leads  us 
to  think  that  this  polarization  is  like¬ 
ly  of  molecular  origin  (permanent  moment 
value  of  hexogen  molecule  :  5-79  Debyes). 

The  disappearance  of  dipoles  produ¬ 
ced  previously  under  the  action  of  defor¬ 
mation  gradient  at  the  shock  front  proceeds 
on  the  contrary  from  a  plastic  relaxation 
of  the  crystalline  lattice.  The  disloca¬ 
tions  should  rearrange  the  lattice  from 
uniaxial  deformation  state  to  a  more  sta¬ 
ble  configuration,  which  corresponds  to 
an  almost  hydrostatic  compression  state. 
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Table  I  -  Experimental  Results 


p 

kbar 

h 

mm 

Type  of 
signal 

H 

us 

t6 

us 

mm 

u- 

mm/us 

Io 
m  A 

IQ  relative 
to  a  sample 
3mm  thick 

35 

5 

I 

1.450 

0 

>5 

3.41 

7.4 

12.3 

37 

2 

I 

0.580 

0 

^2 

3.45 

11.0 

7.3 

40 

5 

I 

1.325 

0 

>  5 

3.78 

10.1 

16.8 

42 

2 

I 

0.560 

0 

>✓2 

3.55 

15.3 

10.2 

42 

3 

I 

0.840 

0 

>  3 

3.58 

9.2 

9.2 

44 

3 

I 

0.830 

0 

>  3 

3.61 

21.3 

21.3 

48 

5 

I 

1.380 

0 

» 5 

3.68 

7.9 

13.2 

48 

5 

I 

1.360 

0 

>  5 

3.67 

6.7 

11.2 

52 

3 

I 

0.800 

0 

>3 

3.76 

33.9 

33.9 

55 

5 

I 

1.300 

0 

>  5 

3.83 

18.0 

30.0 

62 

5 

III 

0.640 

0.31 

2.51 

3.92 

22.1 

36.8 

65 

10 

III 

O.96O 

0.73 

4.09 

4.28 

3.9 

13.0 

67 

10 

III 

0.990 

0.8l 

3.43 

3.45 

5.6 

18.9 

70 

10 

III 

0.680 

0.88 

2.87 

4.25 

-  3.9 
+  3.3 

-  13.0 
+  11.0 

70 

3 

II 

0.675 

0 

»3 

4.45 

7.9 

7.9 

72 

5 

III 

0.700 

0.27 

2.86 

4.09 

9-7 

16.2 

75 

10 

III 

0.585 

0.93 

2.45 

4.19 

2.2 

7.3 

75 

3 

II 

0.645 

0 

»  3 

4.65 

2.3 

2.3 

75 

10 

III 

0.435 

1.02 

1.72 

3.96 

4.3 

14.3 

110 

3 

III 

0.215 

0.25 

1.01 

4.70 

-12.0 

+25.7 

-  12.0 
+  25.7 

110 

2 

III 

0.260 

0.11 

1.12 

4.30 

-13.4 

+34.7 

-  8.8 
+  23.1 

130 

2 

IV 

0.100 

0.20 

0.38 

3.80 

39-2 

26.1 

130 

3 

IV 

0.105 

0.32 

0.39 

3.71 

17.5 

17.5 

This  plastic  relaxation  of  the  solid 
behind  shock  front  might  be  the  causis 
of  the  ultra-rapid  thermic  decomposition 
of  the  dynamicly  compressed  molecules. 
The  Interactions  of  dislocations  at  high 
speeds  should  be  responsible  for  this 
effect  behind  a  strong  amplitude  shock 
wave,  which  precedes  the  reaction  zone 
of  the  detonation  as  well  as  behind  a 
shock  wave  initiating  the  detonation. 

However,  at  weak  shock  pressures 
(some  tens  of  kbar)  the  thermic  decom¬ 
position  will  take  place  at  the  out¬ 
side  of  grains  near  zones,  where  the 
dislocations  sources  are  easily  crea¬ 
ted  (pores,  cracks,  angular  zones  of 


grains)  and  strongly  excited  against 
those  few  mobile  of  the  Frank  network. 

At  stronger  pressures  (some  hundreds 
of  kbar)  the  internal  dislocations  sour¬ 
ces  in  greater  number  will  be  in  their 
turn  excited  generating  a  considerable 
number  of  intragranular  sources  of  ther¬ 
mic  decomposition.  In  this  case,  the  in¬ 
teractions  of  dislocations  will  take  pla¬ 
ce  at  velocity  larger  than  a  critical 
value  Vq  corresponding  to  a  critical 
stress  ,  applied  in  glide  planes,  for 
which  the  temperature  reached  at  the  im¬ 
pact  zone  will  produce  the  local  thermic 
decomposition  of  molecules. 
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So,  two  relaxation  modes  of  dipoles 
created  in  the  shock  front  could  appear 
inside  the  explosive.  One,  which  corres¬ 
ponds  to  the  plastic  relaxation  of  the 
lattice,  should  predominate  at  low  pres¬ 
sure.  The  other,  corresponding  to  the 
thermic  decomposition  of  molecules  in 
connection  with  the  dissipation  of  energy 
during  plastic  deformation,  should  be 
produced  at  high  shock  pressure. 

Consequently,  relaxation  times  of 
relatively  long  duration,  of  the  order 
of  one  microsecond,  will  be  found  at  low 
shock  pressure  (type  I  signals),  whereas 
relaxation  times  about  ten  times  shorter 
will  be  determined  at  high  pressure 
(type  IV  signals). 

The  analysis  of  polarization  si¬ 
gnals  of  type  II  is  difficult,  however, 
it  seems  that  the  negative  part  of  signal 
preceding  the  pulse  of  same  sign  typical 
of  the  detonation  issues  from  the  start 
of  the  T.N.T.  detonation  contained  in  the 
hexolite . 

These  sign  changes  of  the  signal 
should  result  from  the  decrease  of  the 
polarization  in  the  detonation  front  of 
T.N.T.  and  hexogen.  This  phenomenon  has 
been  also  found  by  Travis  in  liquid  ex¬ 
plosives  . 

The  type  IV  signals  do  not  inverse 
before  the  mixture  detonation.  In  this 
case,  the  initiating  pressure  being 
stronger,  the  T.N.T.  and  hexogen  detona¬ 
tions  are  almost  simultaneous  and  conse¬ 
quently  inseparable  on  the  oscillograms. 

For  the  type  III  and  IV  signals,  we 
observe  before  the  start  of  hexogen  deto¬ 
nation  a  sharp  rise  of  the  signal  to  an 
higher  level  than  the  first  pulse. 

A  rapid  rise  of  the  shock  pressure 
in  the  hexogen  grains  up  to  the  critical 
pressure  threshold  which  is  typical  of 
the  rate  and  the  initial  configuration 
of  dislocations  into  the  grains  should 
be  responsible  for  this  effect. 

CONCLUSION 

Though  having  succintly  localized 
on  the  molecules  the  origin  of  the  shock- 
induced  electrical  polarization  of  a  gra¬ 
nular  explosive,  whatever  the  amplitude 
of  the  shock,  it  remains  to  discover  the 
molecular  mechanism  of  this  dynamic  pola¬ 
rization.  It  is  clear  that  the  comprehen¬ 
sion  of  this  phenomenon  should  give  pre¬ 
cious  information  on  the  process  of  ther¬ 
mic  decomposition  of  explosive  molecules. 

A  trial  of  qualitative  interpreta¬ 
tion  of  the  various  recorded  signals  has 


been  formulated  by  means  of  a  microscopic 
model  of  the  detonation  briefly  exposed 
here,  resulting  from  the  release  of  heat 
during  plastic  deformation  behind  a 
shock  front. 

Accounting  for  a  phenomenon  which 
expands  inside  the  granular  explosive, 
without  supplying  outside  perturbations, 
this  experimental  method  should  reverse¬ 
ly  permit  us  to  test  the  validity  of  the 
presented  microscopic  model. 
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The  observation  of  the  flow  boundaries  on  both  sides  of  an  ex¬ 
plosive  slab,  detonating  parallel  to  its  surface  and  coated  on 
one  side  by  a  liner,  provides  important  information  on  the  de¬ 
tonation  and  the  flow  behind  it.  The  polytropic  exponent,  the 
chemical  energy  released  in  the  detonation  and  the  maximum 
fraction  of  this  energy  which  can  be  transfered  to  the  liner 
are  calculated  for  a  certain  number  of  RDX/TNT  and  similar 
compositions,  under  different  loading  densities.  The  behavior 
of  various  additives  -  inert  components,  oxydizers  and  fuels  - 
is  also  investigated,  and  some  general  rules  are  established. 


PRINCIPLE  OF  THE  METHOD 

The  behavior  of  condensed  media  under  de¬ 
tonation  loading  is  classically  investigated 
through  velocity  measurements,  especially 
free  surface  velocity  and  final  velocity  v 
reached  by  a  liner  coating  an  explosive  mass. 

In  the  second  case,  the  liner  mass  constitutes 
an  available  parameter  to  be  related  with  v,  so 
this  method  provides  a  great  deal  of  informa¬ 
tion  on  the  detonation  and  the  flow.  This  is  why 
it  has  been  used  by  several  authors  (1-2-3)  in 
order  to  calculate  the  parameters  of  some 
equations  of  state  for  the  detonation  gas,  and 
also  in  the  present  work,  whose  initial  aim  was 
to  classify  high  explosives  on  the  basis  of  the 
maximum  kinetic  energy  they  are  able  to  trans¬ 
fer  to  a  liner  in  the  lateral  projection  geome¬ 
try  -  i.e.  when  the  liner  is  a  plane  sheet  coat¬ 
ing  one  of  the  faces  of  a  plane  explosive  slab 
detonating  parallel  to  its  surface  (fig.  1)  -  in 
order  to  optimize  shaped  charges. 

Now,  when  very  simple  equations  of  state 
are  used,  involving  only  one  experimental  pa¬ 
rameter,  for  instance  the  polytropic  exponent 
r  ,  it  is  not  even  necessary  to  investigate  the 
dependence  of  v  on  the  liner  mass:  measuring 
the  limiting  velocity  of  the  flow  without  any 
liner  can  provide  the  value  of  this  parameter. 

+)  work  done  under  the  auspices  of  the  French 

"Direction  des  Poudres" 


Fig.  1:  Flow  behind  a  plane  detonation  wave 
with  lateral  confinement 

Let  us  consider  the  geometry  described  in 
fig.  1:  assuming  all  dimensions  of  both  the  ex¬ 
plosive  slab  and  the  liner  -  except  their  thick¬ 
nesses  -  to  be  infinite,  shows  that  the  flow  is 
two-dimensional  and  steady  when  studied  in  a 
coordinate  system  moving  with  the  detonation  , 
and  that  its  boundary  is  a  surface  associated 
to  the  detonation  front.  Combining  the  polytrop¬ 
ic  theory  with  a  C-J  detonation  shows  that,  in 
vacuum,  it  is  a  plane  whose  inclination  <p  Q  on 
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the  slab  is  given  by: 


i(V¥  -  >) 


(i) 


Thus,  only  by  measuring  ,  the  value  of 
r  can  be  calculated  immediately,  and  there¬ 
fore  a  certain  number  of  important  parameters 
such  as  the  detonation  pressure: 


cJ 


r  +  i 


(2) 


and  the  chemical  energy  Ecof  the  high  explosi¬ 
ve: 

E  =  Si _ 

c  2(r2-i) 

where  pe  is  the  explosive  density  and  D  its  de¬ 
tonation  rate. 


Now,  the  poly  tropic  theory  is  only  an  approxi¬ 
mation,  so  that  the  value  of  r  is  an  averaged 
one,  unfortunately  different  for  each  of  the 
equations  above,  and  depending  on  the  pressure 
range  considered  in  the  experiments.  When  r 
is  determined  from  free  surface  velocities  in 
a  metal,  its  average  value  is  calculated  bet¬ 
ween  pressures  pcJ  and  p8,  respectively  in 
the  detonation  front  and  in  the  material  behind 
the  shock  wave.  When  r  is  induced  from  mea¬ 
surements  of  <f>o,  through  eq.  1,  its  average 
value  is  calculated  between  pressures  pcj 
and  pa  ,  pa  being  the  pressure  of  the  shock 
wave  which  precedes  the  gas -air  interface  when 
the  experiments  are  carried  out  in  air  (see 
following  paragraphs). 

A  mere  continuity  argument  shows  that: 

r,(|f)/r,^.^P.°  (4) 

Y  being  the  classical  ratio  of  specific  heats  in 
the  perfect  gas.  This  means  that  r  decreases 
with  pressure,  a  result  which  can  be  more 
precisely  induced  from  computations  (4). 

Since,  normally,  pa  ps,  it  can  be  guessed 
that  the  values  of  r  induced  from  measure¬ 
ments  of  4>0  will  be  smaller  than  those  induced 
from  shock  wave  measurements  in  condensed 
media.  This  will  be  actually  seen  in  the  follow¬ 
ing  results . 


BALLISTIC  PROPERTIES  OF  HIGH  EXPLO¬ 
SIVES 

Although  the  value  of  r  should  be  sufficient 
to  characterize  the  whole  flow,  and  in  particu¬ 
lar  to  calculate  energy  transfers  to  a  liner  ei¬ 
ther  in  the  experimental  geometry  of  this  work 
(3)  or  in  a  one -dimensional  and  unsteady  one 
(5),  direct  measurements  of  this  transfer  were 
carried  out.  When  one  of  the  sides  of  the  ex¬ 
plosive  slab  is  coated  by  a  liner,  indeed,  the 
angle  of  deflection  <j>  of  this  liner  must  be 
smaller  than  $  ot  (fig.  1)  and  a  decreasing 
function  of  mass  ratio  y  defined  as  follows: 

^  _  mass  of  liner  per  surface  coated 

mass  of  explosive  per  surface  coated 

(5) 

The  velocity  v  reached  by  this  liner  can  be 
calculated  easily: 

v  =  2  D  sin  2  D.<J>  (6) 

and  $  can  be  experimentally  measured  by  means 
of  flash  radiography.  The  relationship  between 
<p  and  y  has  already  been  studied  (6,  7  and 
other  reports  to  be  soon  published).  Plotting 
l/<|>  vs.  y  gives  a  curve  which  can  be  prac¬ 
tically  identified  with  its  asymptote,  except 
for  very  low  values  of  y  (fig.  2),  so  that: 


2 

Fig.  2:  Variations  of  l/<|>  and  Em/D  vs. 

mass  ratio  for  65/35  RDX/TNT  and 
HMX/TNT. 


Then,  calculating  pcJ  through  eq.  2  using 
this  low  value  of  r  will  lead  to  over-estimated 
detonation  pressures,  but  on  the  contrary,  the 
corresponding  value  of  Ec  should  be  rather 
valuable  since  eq.  3  is  derived  from  an  inte¬ 
gration  from  pressure  pcj  to  vacuum.  Unfor¬ 
tunately,  this  calculation  is  rather  unprecise, 
since  r  is  strongly  dependent  on  4>  o • 


-  the  momentum  I  =  y  v  of  the  liner  per  mass 

of  high  explosive  increases  with  y  and  tends 
towards  an  asymptote  loo  w£ien  y  ; 

-  its  kinetic  energy  E  =  _L  y  v  per  mass  of 

2 

high  explosive  tends  towards  0  when  y  -*■  00  , 

and  goes  through  a  maximum  Em  for  a  cer- 
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tain  value  of  y  . 

I  is  identical  to  the  specific  impulse  clas¬ 
sically  defined  for  propellants,  and  Em  is  a  ve¬ 
ry  important  parameter  which  was  called 
"ballistic  coefficient"  and  taken  as  the  basis  of 
the  aforementioned  classification  of  high  explo¬ 
sives.  Other  geometries  can  of  course  be  taken 
for  the  same  purpose  (2),  including  the  shaped 
charge  itself  (8),  but  the  existence  of  these  in¬ 
trinsic  values  loo  and  Em  was  the  fundamental 
reason  why  this  unsymmetrical  one  was  chosen 
in  our  work  (6,  7). 

I  „  /D  and  Em/D2  are  only  functions  of  T  , 
as  well  as  the  ratio  Err/Ec.  This  dimension¬ 
less  ratio  is  the  maximum  proportion  of  chemi¬ 
cal  energy  the  high  explosive  can  transfer  to 
the  liner  as  kinetic  energy;  it  was  called  its 
"ballistic  output"  RB. 

The  relationship  between  <J>  and  y  ,  being 
experimentally  determined,  might  lead  to  the 
determination  of  all  unknown  parameters  on  any 
sophisticated  equation  of  state.  Unfortunately, 
the  real  flow,  experimentally  studied,  is  rather 
different  from  the  idealized  theoretical  one 
since  none  of  the  dimensions  involved  is  infinite 
They  were  even  very  small  in  our  experiments: 

-  13o  x  45  x  lo  mm  for  the  explosive  slab; 

-  1  3o  x  35  x  e  mm  for  the  liner 

(o.  3  «  e  £  lo). 

The  reason  for  taking  such  small  dimensions 
was  the  aforementioned  ballistic  classification 
of  high  explosives,  which  remained  the  first 
aim  of  this  study:  this  classification  did  not 
allow  very  high  scale  experiments,  due  to  the 
high  number  of  samples  to  be  tested,  but  on  the 
contrary  it  admitted  the  unprecision  of  small 
scale  ones  since  only  relative  values  were 
looked  for,  at  least  in  its  first  phase.  This  is 
the  reason  why,  in  the  following  discussions, 
the  values  found  for  r  »  Em  and  RB  will  not 
be  taken  as  absolute  ones,  but  rather  used  in 
comparisons  between  different  high  explosives 
arranged  in  series  and  studied  in  identical  con¬ 
ditions  . 

DETERMINATION  OF  THE  POLYTROPIC 
EXPONENT  T 

The  values  calculated  for  r  in  a  low  range 
of  pressures  are  expected  to  be  lower  than 
those  calculated  in  higher  ranges:  this  does 
not  matter  as  long  as  no  extrapolation  is  made 
from  one  range  to  the  other,  and  this  low  pres¬ 
sure  average  of  T  is  in  fact  very  valuable  for 


the  ballistic  properties  of  high  explosives,  i, 
e,  when  detonation  products  are  used  to  acce¬ 
lerate  a  liner  in  air. 

Now,  calculating  r  directly  from  the  value 
of  4>  Q  measured  in  air  would  lead  to  a  strong 
mistake:  this  angle,  indeed,  is  smaller  in  air 
than  in  vacuum,  since  the  expansion  of  the 
gases  is  limited  by  the  pressure  pa  behind 
the  shock  wave  which  precedes  the  gas-air 
interface  (fig.  3  a).  An  order  of  magnitude 
can  be  given  for  this  pressure:  its  value  pa 
=  5oo  bar  for  65/35  RDX/TNT  at  normal 
density.  This  is  enough  to  create  a  difference 
of  several  degrees  between  the  measured  va¬ 
lue  4> '  in  air  and  the  theoretical  one  4)  0 
in  vacuum. 

This  difference  can  be  easily  calculated 
when  the  shock  wave  is  attached  to  the  detona¬ 
tion  (fig.  3  a),  but  the  calculation  is  much  more 
difficult  when  it  gets  detached  from  it,  because 
in  that  case,  besides  the  intrinsic  complexity 
of  the  mathematical  problem,  the  shock  wave 
is  no  longer  straight  (fig.  3  b) .  The  existence 
of  this  embarrassing  configuration  is  due  to 
the  fact  the  shock  polar  for  air,  corresponding 
to  the  Mach  number  M  of  the  interface  ,  does 
not  intersect  the  detonation  gas  adiabat  (fig.  3c). 
The  limiting  value  between  both  configurations 
depends  on  r  and  M  .  For  usual  explosives, 
it  was  found  to  be  about  45°. 

In  order  to  avoid  all  these  corrections,  the 
question  might  be  asked:  why  not  make  the  ex¬ 
periments  directly  in  vacuum? 

The  first  answer  is  that  it  makes  the  expe¬ 
rimental  arrangement  much  more  complicated, 
but  besides,  such  experiments  have  already 
been  carried  out  (9)  and  they  have  given  very 
surprising  results:  the  value  found  for  <J>0, 
indeed,  was  considerably  higher  than  expected, 
sometimes  higher  than  90°.  This  shows  that 
the  real  limiting  velocity  w®  in  vacuum  is 
much  higher  than  the  calculated  value,  a  re¬ 
sult  which  had  already  been  found  by  other 
authors  (lo)  in  frontal  expansion. 

The  origin  of  this  very  important  discrep 
ancy  might  be  the  failure  of  the  constant-  r 
assumption  since,  according  to  eq.  6,  this 
assumption  becomes  absurd  for  expansions 
down  to  zero-pressure,  and  the  averaged  value 
of  r  becomes  much  smaller  in  that  case  than 
when  the  expansion  is  limited  to  the  shock 
pressure  in  air:  this  can  explain  why  w  «>  and 

(j)  Q  become  so  unexpectedly  high  in  vacuum. 
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Fig.  3: 

Shock  wave  in  air  induced  by  a  lateral  detonation 


a)  attached 


b)  detached 


The  consequence  of  this  discussion  is  rather 

paradoxal:  since  the  constant-  r  assumption 

becomes  absurd  in  vacuum,  d>  must  not  be 

T  o 

measured  directly  in  vacuum,  but  rather  in 
air,  and  then  corrected  to  its  value  in  vacuum. 

In  fact,  the  real  adiabat  on  fig.  3  c  is  repre¬ 
sented  by  (A*)  (dotted  line):  for  the  same  ex¬ 
perimental  value  of  <j>f0  ,  it  leads  to  a  higher 
value  of  (j>Q  than  the  constant-  r  assumptior, 
as  experimentally  established,  and  to  a  lower 
value  of  pcj  .  Now,  the  fact  we  have  content¬ 
ed  ourselves  with  the  average-  r  approxima¬ 
tion  does  not  mean  the  present  method  cannot 
provide  something  more  precise  with  other 
equations  of  state:  <j>f0,  indeed,  is  a  particular 
point  of  the  real  adiabat  (A* ) . 

EXPERIMENTAL  ARRANGEMENT 

The  explosive  slabs  and  the  liners  previous¬ 
ly  described  were  stuck  together  with  very 
thin  straps,  and  the  explosives  initiated  through 
line  wave  generators.  A  thin  strap  of  adhesive 
tape  (  m  2  0,01)  was  stuck  on  the  unconfined 

side  of  the  slab  in  order  to  visualize  the  boun¬ 
dary:  this  tape  was  found  to  behave  much 
better  than  metal  foils  of  equivalent  weight 
(fig.  4). 

Except  for  this  tape,  liners  were  cut  out  of 
mild  steel  sheets  of  constant  thickness.  No 
appreciable  surface  disaggregation  was  found 
in  most  experiments,  and  no  spalling  for  liner 
to  explosive  thickness  ratios  lower  than  0.8. 
Liner  and  explosive  masses  were  measured 
with  milligram  precision. 

For  each  composition,  four  or  six  slabs 
were  cast  at  a  time,  together  with  two  jb  3o  mm 


c)  principle  of  calculations:  (A)  theoretical 
adiabat  of  detonation  products  (  r  assumed 
constant)  -  (A*)  real  adiabat  (variable  r  ) 

-  (P)  shock  polar  for  air. 


Fig.  4:  Typical  radiograph  of  a  liner  be¬ 
fore  (below  white  line)  and  during 
projection 


cylinders  on  which  the  detonation  rate  was 
measured  separately. 

The  flash  radiographic  device  (4oo  kV,  4o 
ns  time  exposure)  was  home-made  (11). 
Thanks  to  its  very  thin  anode,  it  provided  ve¬ 
ry  sharp  radiographs  (fig.  4)  allowing  precise 
measurements  of  the  deflection  angles.  Since, 
besides,  much  care  was  taken  of  the  position 
of  the  slab  in  order  to  avoid  parallax,  the  re¬ 
sults  were  reproducible  at  less  than  +  10*  of 
angle.  This  error  was  quite  satisfactory  for 
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angles  close  to  <f>  but  it  became  too  impor¬ 
tant  for  small  angles;  this  is  why  most  experi¬ 
ments  were  carried  out  with  4>  *  6°. 


had  already  been  found  by  other  authors  (5)  in 
head-on  projection.  Very  roughly,  the  follow¬ 
ing  correlation  was  found: 


Yet,  for  all  the  compositions  studied,  the 
very  regular  position  of  the  experimental 
points  (fig.  2)  showed  that  the  precision  of 
each  individuel  measurement  of  was  quite 
satisfactory. 

4>q  was  normally  obtained  by  extrapolating 
the  experimental  l/<J>  vs.  P  curve  from  the 
strap  of  adhesive  tape  to  M  =  0.  The  correc¬ 
tion  thus  obtained  was  about  2°. 

In  some  cases,  a  direct  measurement  of  <J>'0 
was  obtained  by  means  of  a  Kerr-cell.  This 
method  was  not  very  accurate  for  the  angle  4>'o 
itself,  but  it  provided  an  easy  measurement 
of  the  shock  wave  inclination  and  therefore  a 
possibility  of  verification  of  the  correction  cal¬ 
culated  from  o  to  <j>0  . 

EXPERIMENTAL  RESULTS  FOR  TNT -BONDED 
COMPOSITIONS 

The  experimental  results  are  presented  on 
table  I  for  a  wide  range  of  compositions.  Due 
to  the  unprecision  of  the  values  calculated  for 
Ec  and  to  the  difference  between  real  and  ideal¬ 
ized  geometries  and  equations  of  state,  the 


RB  %  =  28  +  18  (  r  -  3  )  (7) 

with  values  of  T  varying  from  2.19  to  3.13. 

Several  RDX/TNT  compositions  were  stu¬ 
died,  with  rates  of  RDX  varying  from  r  =  4o  % 
(lower  limit  without  sedimentation)  to  r  =  89  % 
(obtained  by  centrifugal  sedimentation,  BOlkow 
method).  The  results  obtained  for  this  last 
composition  were  not  in  good  agreement  with 
the  other  ones  of  the  same  series,  but  no  ex¬ 
planation  could  be  given  of  this  discrepancy. 
Pure  TNT  was  also  studied,  and  the  values 
corresponding  to  pure  RDX  were  extrapolated 
from  an  isostatically  pressed  composition  con¬ 
taining  98.8  %  RDX  and  1.2  %  plastic  binder. 
Except  for  this  pressed  composition,  the  den¬ 
sities  of  the  slabs  were  those  normally  attain¬ 
ed  by  casting  in  evacuated  moulds.  Both,  pe 
and  D  showed  a  practically  linear  dependence 
on  r  (12). 

As  foreseen,  the  values  given  for  T  are 
generally  smaller  than  those  found  by  other 
authors  on  the  same  compositions  with  approx, 
the  same  densities  (fig.  5),  but  they  confirm 

C  I 


Experimental  results  for  explosives  without  additives 


Composition 

♦  o 

Pe(g/cc) 

D(km/  s) 

r 

5c(cal/g) 

Em(J/g) 

RB  (  %  ) 

RDX  (extrapolated) 

- 

1 . 8oo 

8.754 

2.88 

1395 

- 

- 

89/11  RDX/TNT 

36°00’ 

1.765 

8.500 

2.78 

1278 

1287 

24 

75/25  RDX/TNT 

37°00’ 

1.745 

8.240 

2.67 

1321 

1251 

22 

65/35  RDX/TNT 

35°30’ 

1.7  30 

8.020 

2.63 

1296 

1154 

21 

50/50  RDX/TNT 
41.5/58.5  RDX/ 

39°30’ 

1.682 

7.700 

2.61 

1213 

1073 

21 

TNT 

35°1 5’ 

1.702 

7.490 

2.63 

1133 

1133 

21 

40/60  RDX/TNT 

39°00’ 

1.686 

7.455 

2.63 

1123 

994 

21 

TNT 

34°30’ 

1.660 

6.950 

2.88 

790 

- 

- 

HMX+ 1.2%  binder 

33°00’ 

1.844 

8.840 

2.90 

1263 

1444 

27 

RDX+1 . 2%binder 

to 

0 

o 

1.746 

8.480 

2.75 

1311 

1318 

24 

65/35  HMX/TNT 

36°00’ 

1.798 

8.140 

2.62 

1348 

1370 

24 

65/35  PETN/TNT 

39°00’ 

1.710 

7.440 

2.58 

1163 

1070 

21 

65/35  RDX/TNT 

38°00’ 

1.723 

7.980 

2.63 

1284 

1150 

21 

- 

40°55’ 

1.55 

7.350 

2.47 

1269 

1133 

21 

_ 

43°30’ 

1.46 

7.050 

2.33 

1345 

1098 

19 

46°  30’ 

1.29 

6.320 

2.19 

1315 

909 

16.5 

relationship  expected  between  RB  and  r  turn¬ 
ed  out  experimentally  to  be  a  mere  correlation, 
RB  increases  slightly  with  F  ,  a  result  which 
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+  present  work 
o  Cowan  and  Fickett  ( ref.13) 


Fig.  5:  Variation  of  T  vs.  rate  of 
RDX  in  TNT 

minum  :  the  existence  of  a  minimum  value  for 
T  between  TNT  and  RDX.  This  minimum  was 
found  to  be  situated  at  about  r  =  50  % .  Yet, 
computations  using  a  BKW  equation  of  state 
(4)  did  not  show  the  existence  of  this  minimum. 
The  origin  of  this  discrepancy  for  low  rates  of 
RDX  might  be  the  considerable  dependence  of 
the  chemical  energy  Ec  of  TNT  on  the  assump¬ 
tions  made  on  the  chemical  reactions  in  the  de¬ 
tonation  flow:  Ec  varies  between  619  and  1282 
cal/g  according  to  these  assumptions  (15). 

Our  values  for  V  ,  being  smaller  than  usu¬ 
al,  lead  to  higher  values  for  Ec.  These  values, 
in  fact,  are  in  better  agreement  with  the  cal¬ 
culated  range  than  those  obtained  using  a  value 
of  T  corresponding  to  a  higher  pressure 
average.  They  seem  to  increase  parabolically 
with  r  ,  the  variation  being  slower  towards 
pure  RDX  (fig.  6). 


narrow  range  where  measurements  were 
carried  out  (fig.  6). 


Fig.  6:  Variation  of  Ec  and  E  vs.  rate  of 
RDX 

A  comparison  between  HMX,  RDX  and 

PETN  was  made  ,  based  on  the  values  of  E  • 

m’ 

it  classifies  these  explosives,  as  expected,  in 
the  order  HMX  >  RDX  >  PETN.  It  must  be  no¬ 
ticed  that  the  heats  of  explosion  measured  in  a 
calorimeter  for  HMX  and  RDX  are  practically 
identical,  whereas  they  are  quite  different  in 
the  above  calculations.  The  advantage  of  HMX 
comes  from  its  higher  density,  and  its  corres¬ 
ponding  higher  rate  of  detonation. 

This  strong  influence  of  density  on  the  deto¬ 
nation  rate  and  detonation  pressure  has  been 
investigated  by  several  authors,  and  two  rules 
have  been  established  for  a  given  composition 
used  with  different  lcadingdensities  (16): 

-  a  linear  dependence  of  D  upon  Pe: 

1  /  2 

D  =  A  $  (1  +  B  pe  )  (8) 

-  a  quadratic  dependence  of  pcj  on  Pg: 

PCJ  =  K  pe2  *  (9) 


The  extreme  values  are: 

Ec  =  1395  cal/g  for  RDX  (pe  =  1.800)  -  calcu¬ 
lated  range  =  1204  /  1481 

Ec  =  790  cal/g  for  TNT  (  Pe  =  1.660)  -  calcu¬ 
lated  range  =  619  /  1282 

As  for  the  maximum  kinetic  energy  Em>  it  in¬ 
creases  approximately  linearly  with  r  in  the 


A,  B  and  K  being  numerical  constants  and 
a  parameter  depending  on  the  composition  stu¬ 
died.  Eq.  2,  8  and  9  yield: 

D  2  A2(l  +  Bpe)2 

<r+i)  pe  ♦  “  (r+i)Pe  '  K  (xo) 

A  verification  of  these  equations  was  made 
on  65/35  RDX/TNT,  either  cast  (pe  =  1.723) 


352 


Defourneaux, 


or  sintered  (down  to  P  =  1.27).  Eq.  23  was 
well  verified,  except  for  the  lightest  samples 
which  gave  a  lower  detonation  rate  (fig.  7). 


This  slight  discrepancy  is  quite  understandable 
since  D  was  measured  under  a  thickness  of 
20  mm,  a  value  which  probably  became  too 
close  to  the  critical  one  for  the  lowest  densities. 
This  influence  of  thickness  might  perhaps  also 
explain  why  the  coefficients  found  for  eq.  8  are 
different  from  those  given  by  ref. 
dD/  d  pe  being  smaller: 

D  =  2.080  (  1  +  1.635  )f 

D  being  expressed  in  km/ s  and  PQ 

r  could  not  be  exactly  calculated  by  the  nor¬ 
mal  method  for  the  lightest  sample,  since  the 
shock  configuration  of  fig.  3  b  (detached  shock 
wave  in  air)  was  obtained:  the  correction  from 

^  o  *°  ^  o  was  extrapolated  from  higher  den¬ 

sities  . 

A  good  agreement  was  not  expected  for  eq. 
lo,  since  it  seemed  difficult  to  extrapolate  our 
low  values  of  r  to  the  detonation  pressure.  Yet, 
the  result  was  surprisingly  good,  since  the  cal¬ 
culated  values  of  K  $  kept  practically  constant 
for  different  values  of  : 


13  and  16, 

(ii) 

in  g/ cc. 


pe 

1.723 

1.55  1.46 

1.29. 

1.29 

K  * 

10.  19 

10.05  10.22 

9.7+ 

10.2(T^ 

+)  using  the  measured  value  of  D 
++)  using  the  value  of  D  linearly  extrapola¬ 
ted  through  eq.  11. 

This  average  value  of  K  $  is  quite  consis¬ 
tent  with  the  value  given  in  ref.  16  for  64/36 
RDX/TNT  (10.32). 

As  a  consequence  of  eq.  3  and  10,  Ec 
should  go  through  a  maximum  for  a  particular 
value  of  Pe,  equal  to  1.385  g/cc  with  our  ex¬ 
perimental  values.  In  spite  of  a  certain  disper¬ 
sion  on  the  values  found  for  Ec,  probably  due 
to  an  imprecise  determination  of  T  for  P  e  = 
1.55,  this  maximum  was  experimentally  found. 

Em,  on  the  contrary,  decreases  monotoni- 
cally  with  p  e,  but  its  variation  seems  to  be 
negligible  for  high  loading  densities  (fig.  7). 

This  means  that  the  maximum  kinetic  energy 
transmitted  to  a  liner  by  a  given  mass  of  high 
explosive  is  not  substantially  modified  by  a 
low  porosity. 

INFLUENCE  OF  ADDITIVES 

The  following  results  have  been  established 
using  relatively  few  experimental  results  in 
comparison  with  the  number  of  parameters  in¬ 
volved,  so  that  they  should  be  used  with  a  cer¬ 
tain  care. 

When  inert  components  were  added  to  a 
high  explosive,  its  chemical  energy  Ec  and 
its  ballistic  coefficient  Em  were  found  to  de¬ 
crease.  The  detonation  rate  was  also  found  to 
decrease,  but  generally  not  substantially.  Now, 
it  seemed  interesting  to  calculate  Ec  and  Em 
in  relation  not  with  the  total  mass  of  the  slab, 
but  with  its  partial  mass  of  explosive,  say 
E*c  and  Em  : 

(12) 

*  » 

Ec  Em  total  mass  of  the  explosive  slab 
E  c  Em  partial  mass  of  high  explosive 

The  results  presented  in  Table  II  showed 
that  Ec*  was  higher  than  Ec  ,  but  that 
was  equal  to  Em.  This  means  that  Em  (or 
E^  )  is  a  much  better  parameter  than  Ec  to 
define  high  explosive  efficiency,  since  its  value* 
related  to  the  explosive  alone,  does  not  depend 
on  the  amount  of  inert  components,  at  least  in 
the  range  where  experiments  were  carried  out. 
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TABLE  II 


Composition 

pe 

D 

p 

Ec 

> 

Ec 

*tn 

E* 

m 

RB 

0 

(g/cc) 

(km/s) 

(cal/g) 

(cal/g) 

(j/g) 

(J/g) 

% 

ex=  65/35  RDX/TNT 

35°30’ 

1.730 

8.020 

2.63 

1296 

1296 

1154 

1154 

21 

8o/2o  ex/asbestos 

34°00> 

1.878 

7.670 

2.74 

1080 

1350 

924 

1155 

20 

8o/2o  ex/A^O^ 

8o/2o  ex/oxydizer  a!^ 

- 

1.970 

7.625 

- 

- 

- 

929 

1160 

- 

38°1 0’ 

2.050 

7.755 

2 . 66 

1186 

1485 

1065 

1330 

21 

ex=42. 7/57 . 3  RDX/ 

TNT 

- 

1.700 

7.500 

2.63 

1145 

1145 

1020 

1020 

21 

75/25  ex/Na2S04 

34>’ 

1.860 

7.220 

2.72 

973 

1300 

774 

1030 

19 

75/25  ex/Al 

75/25  ex  A1  (3  mi¬ 

35  00 

1.855 

7.180 

2.61 

1055 

1405 

865 

1155 

19 

crons)^ 

75/25  ex/oxydizer  B 

,35°45’ 

37°30’ 

1.880 

1.850 

7.380 

7.170 

2.81 

2.44 

946 

1244 

1260 

1660 

860 

931 

1145 

1240 

21 

17 

ex=50/ 50  RDX/TNT 

39°30’ 

1.682 

7.700 

2.61 

1213 

1213 

1073 

1073 

21 

90/10  ex  NHj  NO3 

39°00’ 

1.655 

7.425 

2.58 

1162 

1290 

1067 

1185 

19 

80/20  ex/NHjNOj 

39°20’ 

1.631 

7.190 

2.56 

1112 

1390 

995 

1245 

20 

oxydizers  A+^:  58/42  Pb  nitrate  /  Ba  nitrate  (density  =  3.9),  B++^:  50/50  Ba  nitrate  /  K  nitrate 

(density  =  2.7) 


This  rule  is  rather  similar  to  the  result  found 
for  porous  explosives  (i.e.  when  the  inert  me¬ 
dium  is  replaced  by  air)  for  loading  densities 
not  too  far  from  the  maximum  one,  but  a  higher 
range  of  densities  and  concentrations  should  be 
investigated  before  a  definite  rule  can  be  rea¬ 
sonably  given. 

In  fact,  these  inert  media  were  added  to  ex¬ 
plosives  as  a  reference  for  identical  proportions 
of  oxydizers  and  fuels  of  identical  densities,  in 
order  to  determine  how  these  compositions  be¬ 
haved  in  the  detonation  and  behind  it.  Yet,  these 
identical  proportions  and  densities  of  the  addi¬ 
tives  did  not  always  lead  to  identical  densities 
for  the  explosive  slabs,  and  this  introduced 
some  difficulty  in  the  interpretation  of  certain 
results.  These  results  are  as  follows  for  the 
comparison  of  inert  media  with  aluminum  pow¬ 
der  and  with  nitrates: 

-  Whatever  the  additive,  the  detonation  rate 
is  decreased,  but  its  value  seems  to  be  much 
more  dependent  on  the  final  density  of  the  slab 
than  on  the  nature  of  the  additive.  This  tends  to 
prove  that  none  of  these  additives  reacts  in  the 
detonation  zone,  a  result  which  has  already  been 
pointed  out  for  a  long  time  for  aluminum  under 
certain  conditions  (17). 

-  Whatever  the  additive,  too,  Ec  and  Em 

are  decreased.  This  is  very  disappointing  for 
explosives  containing  aluminum,  since  this 
additive  normally  increases  the  heat  of  explo¬ 


sion  Q  measured  in  a  calorimeter.  This  is  due 
to  the  fact  the  conditions  of  pressure,  tempe¬ 
rature  and  mainly  time  of  reaction  are  quite 
different  in  a  detonation  and  in  a  combustion. 

Now,  contrarily  to  D,  the  values  of  T  ,  Ec 
and  Em  depend  on  the  nature  of  the  additive. 
This  means  that,  if  they  all  behave  as  inert 
components  in  the  detonation  zone,  they  behave 
differently  in  the  expansion  flow,  and  this  be¬ 
havior  can  be  studied  thanks  to  the  aforemen¬ 
tioned  rule  according  to  which  Em  keeps 
constant  with  inert  additives.  Of  course,  these 
after -detonation  reactions  involve  chemical 
kinetics,  so  they  are  highly  dependent  on  the 
dimensions  of  the  explosive  samples,  which 
are  particularly  small  in  our  experiments .  This 
is  why  the  following  results,  presented  in 
Table  II,  should  be  considered  as  qualitative: 

-  Adding  aluminum  increases  E^:  aluminum 
does  react  behind  the  detonation,  but  not  very 
exothermally  (10  %  increment  with  25  %  alu¬ 
minum).  Micronizing  aluminum  powder  does 
not  modify  ,  which  might  prove  that  the  re¬ 
action  has  been  completed,  but  that  it  is  not 
very  exothermal  because  the  oxyde  formed  is 
A^O  instead  of  AI2O3:  the  formation  of  A^O^, 

if  any,  would  come  too  late  to  be  observed  with¬ 
in  the  short  length  of  the  explosive  slabs.  Yet, 
the  reaction  to  be  expected  is  certainly  less 
important  than  the  classical  after-burning  in 
air  or  in  water. 
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-  EVn  is  also  increased  by  oxydizers,  in  a 
larger  proportion  than  by  aluminum  (16  % 
average  increment  with  20  %  oxydizer).  This 
could  be  expected,  and  a  direct  evidence  of 
such  a  reaction  was  obtained  with  Baratol  (40  % 
baryum  nitrate  /  60  %  TNT),  i.e.  adding  a 
strong  proportion  of  an  oxydizer  to  a  strongly 
oxygen-deficient  explosive:  with  this  composi¬ 
tion,  indeed,  it  was  impossible  to  measure  T 
since  the  normally  straight  boundary  of  the  flow 
showed  in  that  particular  case  a  strong  curva¬ 
ture,  <t>^  varying  from  20°  to  36  within  a  few 
cm. 

Other  fuels  and  oxydizers  have  been  studied, 
but  many  more  experiments  will  be  necessary 
before  quantitative  rules  can  be  established  con¬ 
cerning  all  possible  additives.  Yet,  the  present 
method  seems  a  good  one  for  that  purpose. 

CONCLUSION 

Although  used  in  very  small  scale  experi¬ 
ments,  the  present  method  has  given  a  certain 
number  of  interesting  results  concerning  RDX/ 
TNT  and  similar  compositions,  under  different 
loading  densities,  in  good  agreement  with  those 
obtained  by  other  methods,  taking  into  account 
the  difference  in  the  pressure  averages.  Besi¬ 
des,  it  shows  how  a  systematic  study  of  the  in¬ 
fluence  of  inert  and  active  additives  might  be 
carried  out,  and  provides  a  few  preliminary 
results  concerning  this  problem. 
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glASXXC-PLASTIC  BEHAVIOUR  OF  POROUS  BERYLLIUM 
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Aldermaston,  Reading 


Studies  of  the  elastic  precursor  to  plastic  v/aves  have  been  found  useful 
in  constructing  theoretical  models  of  elastoplasticity  in  porous  media  • 
For  a  given  plastic  pressure  in  nan-porous  material,  separation  of  these 
y/aves  is  governed  by  the  rigidity  modulus  (jl  of  the  medium*  A  metal  with 
a  particularly  high  value  of  p,  beryllium,  was  chosen  for  experiments  in 
which  a  plane  shock  wave  was  passed  into  specimens  of  up  to  30%  porosity* 
A  standard  shock  system  generated  100  Kbars  in  solid  material  and  wave 
and  free  surface  velocities  were  measured  by  optical  methods,  one  of 
which  was  capable  of  resolving  surface  motion  over  the  first  10  pm 
travel*  An  elastic  limit  associated  with  the  initial  amplitude  of  the 
elastic  wave  is  shown  to  fall  by  a  factor  of  four  over  this  range  of 
densities.  Agreement  between  plastic  wave  velocities  and  a  purely 
hydrodynamic  calculation  indicates  that  this  wave  produced  total  pore 
compaction,  and  an  estimate  is  made  of  the  initial  slopes  of  the  plastic 
compression  curves*  These  slopes  fall  by  a  factor  of  100  over  the 
density  range. 


1.  INTRODUCTION  2.  METHOD 


Simple  elastoplastic  behaviour  is  exhibited 
in  solid  material  as  a  two  wave  structure  when 
an  applied  shock  pressure  is  great  enough  to 
exceed  the  dynamic  yield  strength  and  low  enough 
to  produce  a  plastic  wave  velocity  less  than  the 
longitudinal  sound  speed*  The  plastic  v/ave 
velocity  increases  with  pressure  from  a  minimum 
value  of  (K/p)^  and  the  elastic  velocity  of  a 
plane  wave  is  [  (K-*4p/3)/p]i,  where  K,p  are  the 
bulk  and  shear  moduli  of  elasticity  and  p  the 
density.  The  shear  modulus  clearly  governs  the 
rate  of  separation  of  the  waves. 

In  porous  materials,  the  physical  structure 
of  the  medium  reduces  the  amplitude  and  velocity 
of  both  waves  and  it  may  also  produce  multiple 
v/ave  structure  according  to  the  type  of  porosity 
present.  For  example,  a  proposed  explanation  by 
Boade  (l)  for  the  second  precursor  wave  which  he 
observed  in  porous  copper  and  tungsten,  is  that 
it  may  be  due  to  the  finite  shear  strength  of 
the  bond  between  granules  produced  by  the 
sintering  process  which  both  metals  had  under¬ 
gone  • 

Beryllium  was  chosen  far  these  experiments 
for  its  particularly  high  p  value  (approximately 
1*5  x  lCp-2  dyne  cnf^)  and  also  because  it  can  be 
produced  in  porous  form  by  sintering. 


2.1  Materials  Used:  (i)  Brush  Beryllium  Co. 
S200  D.  powder:  a  **-200  mesh"  powder,  i.e.  all 
particle  sizes  up  to  74  pm. 

(ii)  Brush  Beryllium  Co. 
1400  powder:  no  specification  of  particle  size 
but  it  has  an  average  grain  size  of  approximate¬ 
ly  4 i  pm. 

The  bulk  material  was  produced  by  hot 
pressing  and  sintering.  Specimens  were  cut  from 
billets  so  that  the  normal  to  the  wave  front  was 
parallel  to  the  direction  of  pressing.  Machin¬ 
ing  and  polishing  porous  beryllium  almost 
certainly  caused  some  degree  of  flow  in  the  sur¬ 
face  layer  producing  some  small  depth  of  differ¬ 
ing  density.  This  would  be  thin  enough  to  have 
no  effect  on  the  wave  velocity  measurements. 

Its  effect  is  more  likely  to  be  seen  in  surface 
velocity  measurements  but  as  it  is  virtually  a 
thin  layer  of  higher  impedance  material,  its 
motion  represents  that  of  the  main  body  of  the 
specimen  provided  it  remains  attached. 

2.2  Experimental  Techniques:  An  explosive 
system  was  used  to  generate  a  plane  shock  in  the 
beryllium  specimens.  The  shock  pressure  was 
adjusted  to  approximately  100  kilobars  in  solid 
beryllium  by  inserting  inert  plates  of  differing 
impedance  between  the  explosive  and  the  specimen 
Sufficient  thicknesses  of  these  plates  were 
chosen  to  prevent  a  second  shock  reflected 
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between  layers  from  interfering  with  the 
observations • 

Once  established,  the  same  shock  generating 
system  was  used  in  all  shots. 

The  experiments  were  of  two  types. 

Type  1  -  A  streak  camera  technique  for  the 
accurate  measurement  of  the  motion  of  a  free 
surface ,  based  on  the  extinction  of  total 
reflection  from  a  transparent  block  inclined  at 
an  angle  to  the  surface f  Ref.  (2). 

In  order  to  record  the  motion  due  to  the 
small  amplitude  elastic  waves  the  technique  was 
refined  progressively  until  flight  distances  of 
the  order  of  10  pm  were  used.  With  these  small 
flights  special  care  was  required  during  the 
manufacture  and  assembly  of  the  shots. 

The  beryllium  specimens  were  prepared  to  a 
mirror  finish  and  flat  within  one  wavelength  of 
light  over  the  area  to  be  monitored. 

Examination  and  measurement  of  the  angle 
between  the  specimen  free  surface  and  the  base 
of  the  transparent  velocity  measuring  prism  was 
made  using  the  interference  pattern  produced  by 
a  monochromatic  source  of  light.  The  prism  was 
adjusted  until,  when  clamped  down  with  a  foil 
spacer  under  one  end,  the  interference  pattern 
consisted  of  the  usual  bright  and  dark  bands 
parallel  to  the  line  of  contact.  The  spacing 
of  these  fringes  was  measured  with  a  microscope 
to  give  the  angle  between  the  prism  and  specimen . 


To  check  that  the  lower  edge  of  the  prism  was 
truly  in  optical  contact,  the  white  light 
fringe  pattern  was  viewed  through  the  top  face 
of  the  block  and  frustration  of  total  reflect¬ 
ion  at  that  edge  was  observed  via  a  vertical 
glass  face.  Care  was  taken  to  avoid  placing 
the  prism  over  any  small  polishing  scratches  or 
surface  porosity  defects  which  were  revealed  by 
any  irregularities  in  the  fringe  pattern. 

The  assembly  was  not  accepted  for  firing 
until  the  fringe  pattern  was  as  nearly  perfect 
as  possible. 

The  experiments  recorded: - 

(i)  The  shock  contour  as  it  emerged  from  the 
pressure  reducing  layer,  using  the  loss  in 
reflectivity  of  0.1  pm  of  gold  leaf  placed  on 
the  free  surface.  Axial  symmetry  is  generally 
a  feature  of  the  wave  shape  produced  by  the 
shock  system  so  the  slit  measuring  this  contour 
was  placed  parallel  to  the  slit  across  the  spec¬ 
imen,  with  both  slits  equi  distant  from  the  axis. 

(ii)  The  shock  contour  at  two  discrete  points  an 
each  side  of  the  beryllium  specimen,  using  total 
reflection,  to  provide  correlation  with  the 
contour  (i)  above. 

(iii)  The  free  surface  motion  using  frustration 
of  total  reflection  at  the  inclined  collision 
block  (see  Pig.  l) .  Some,  but  not  all,  experi¬ 
ments  measured  the  motion  due  to  both  elastic 
and  plastic  waves  on  the  same  specimen  • 
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(iv)  After  the  surface  velocity  had  been  record¬ 
ed,  with  low  angled  blocks,  and  the  metal  was 
presumably  in  optical  contact  with  the  glass,  a 
low  level  of  light  intensity  persisted.  This 
light  was  cut  off  later  in  a  well  defined  but 
ragged  trace.  This  final  cut  off  was  checked  to 
coincide  with  the  sharp  acceleration  of  the  free 
surf  ace ,  due  to  the  plastic  wave  arrival  measured 
on  an  adjacent  longer  flight  distance  block.  It 
is  thought  to  represent  the  final  complete  com¬ 
paction  of  the  pores,  since  the  effect  has  not 
been  seen  on  solid  specimens. 

Type  2  -  An  optical  lever  type  method. 

Ref.  (3 A)- 

A  high  speed  rotating  mirror  streak  camera 
was  used  to  record  the  displacement  of  the  image 
of  a  fixed  grid,  reflected  in  the  specimen's 
polished  surface,  caused  by  the  arrival  of  a 
plane  wave  inclined  to  the  free  surface.  The 
accuracy  of  measurement  is  greater  for  wave 
velocity  than  for  surface  velocity,  but  the 
sensitivity  of  the  method  was  varied  by  adjust¬ 
ing  the  distance  between  grid  and  specimen. 

2.3  Analysis  of  Data:  Velocities  were  obtained 
from  wedge  and  inclined  block  surface  traces  by 
measuring  at  least  100  coordinate  points  on  each 
streak  camera  record,  using  a  computer  programme 
to  scale  the  values  to  give  true  distance  versus 
time  and  to  differentiate  successive  elements 
which  could  be  chosen  to  overlap.  In  the  short 
flight  shots,  a  linear  least  square  regression 
was  judged  to  give  the  most  suitable  estimate  of 
velocity  since  the  distance- time  traces  were 
close  to  linear. 


3.  RESULTS  AND  DISCUSSION 

The  Appendix  shows  the  detailed  results. 

In  the  table,  the  abbreviations  used  are: 

0L  =  optical  lever  measurement  on  a  wedge- 
shaped  specimen. 

TR  =  'total  reflection'  method  on  a  flat  plate 
specimen • 

pQ  =  initial  density. 

X  =  specimen  thickness. 

h  =  total  distance  over  which  measurements 
were  made. 

W  =  wave  velocity,  suffix  denoting  elastic  or 
plastic • 

Upg  =  free  surface  velocity,  suffix  denoting 
elastic  or  plastic. 

c r  =  standard  deviation  except  where  preceded 
by  *•  In  this  case  it  represents  the 
spread  of  plastic  wave  velocities  calcul¬ 
ated  from  the  observed  spread  of  wave 
arrival  times  at  different  positions  on 
the  specimen  surface. 

All  the  total  reflection  traces  showed 
that  a  definite  value  of  free  surface  velocity 
is  associated  with  the  arrival  of  the  elastic 
wave,  and  if  a  ramp  from  zero  exists,  then  it 
occurs  within  the  first  -j  pm  of  travel.  An 
example  trace  is  shown  in  Pig.  2. 

Many  of  the  shots  were  designed  to  monitor 
the  initial  surface  motion  over  a  restricted 
time  interval  less  than  At  where  At  is  the  time 
taken  for  the  first  (hence  fastest)  elastic  wave 
arriving  at  the  free  surface,  to  reflect  back 


0  0  0.07 
Flight  distance  mm 


A  -  Glass  block  having  large 
angle  of  contact  with 
surface  shows  motion  due 
to  pi 

astic  wave 

B-  Block  at  small  angle 
magnifies  detai  Is  of 
surface  motion  due  to 
elastic  wave 


Pig.  2  -  Photographic  Results 
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Fig.  3(a) 

to  the  plastic  wavefront  and  return  again  to  the 
free  surface  (see  Fig.  3(a)).  More  extended 
observations  were  made  in  some  shots  however  and 
these  traces  show  increases  in  free  surface 
velocity  at  earlier  times  than  would  be  expected 
if  a  purely  two-wave  structure  were  present,  e.g. 
shot  2044  in  Fig.  3(b) 

Measurements  of  the  mean  velocity  of  the 
primary  elastic  wave  (Fig.  4)  and  the  associated 
surface  velocity  (Fig.  5)  of  the  plate  specimens 
have  been  combined  in  Fig.  6  to  show  values  of 
stress  versus  density,  using  the  relation 

pe  =  Po  We  ue*  where  ue  =  * 

derived  from  conservation  of  mass  and  momentum 
across  the  wavefront.  This  stress  is  the 
elastic  limit  of  the  material  if  there  is  no 
change  of  velocity  with  thickness.  The  solid 
curves  in  Figs.  4,  5,  6  are  linear  least  square 
fits,  and  the  broken  lines  in  Fig.  6  represent 
the  standard  deviation  about  the  curve . 

In  Fig  •  7 ,  the  experimental  plastic  wave 
velocities  are  shown  to  be  in  quite  good  agree¬ 
ment  with  a  purely  hydrodynamic  calculation 
(RICSflAW  ref.  5)  using  a  Gruneisen  equation  of 
state  for  beryllium  in  which  the  ratio  of  the 
Gruneisen  parameter  and  specific  volume  is 
assumed  constant  and  equal  to  the  ratio  of  the 
values  for  solid  material.  RICSHAW  assumes 
total  pore  collapse  at  negligible  pressure. 
Although  the  calculation  ignores  any  effect  due 
to  the  known  elastic  behaviour,  this  measure  of 
agreement  suggests  that  pore  compaction  is 
complete  in  these  plastic  waves.  The  computed 


Fig.  3(b) 

plastic  wave  pressures  were  100  Kb  in  1.843  gm 
cm"3  to  43  Kb  in  1.277  gm  cm"3  material.  The 
broken  curve  in  Fig.  7  is  an  empirical  fit  to 
the  experimental  points. 

3.1  Elastic  Compression  Curves,  (Fig.  8)  The 
longitudinal  ^ound  velocity  (modulus  of 

elasticity/p)2  where  p  =  density. 

o  o 

Taking  the  P,v  curve  as  linear  up  to  the 
elastic  limit  the  modulus  of  elasticity  is 


Hence  F  =  -  p  ff  2  'l  _  •,') 

°  6  Vv0  J 

Thus  the  slopes  of  the  P,  1  lines  are  defined 
2  v 

by  -p  W  ,  and  a  set  of  °  lines  for  densi¬ 
ties  1.3  to  1.843  gm  cm~3  have  been  drawn 

taking  from  the  fitted  line  in  Fig.  4  with 
the  slopes  shown  in  Table  1  below.  The  lines 
are  terminated  at  the  appropriate  value  of  P 
obtained  from  Fig .  6 • 

3.2  Plastic  Compression  Curves:  The  shapes 

of  the  P,v  curves  in  the  plastic  region  are  not 
defined  by  this  work  but  a  rough  estimate  of 
their  initial  slopes  has  b<  en  made  as  follows: 

»Ve  have  determined  the  variation  of  W  with 
P0(Fig*  7)  and  the  slopes  of  the  Rayleigh  ^lines, 
EH  in  Fig.  9  may  be  shown  to  be  -p0 W  2  approx¬ 
imately  (since  v  a  v  ) .  If  the  Pinitial 
slopes  of  the  plastic°curves  at  E  are  -p  71  2  f 
then  the  value  of  W  pertaining  to  solid0  ° 


Po 

1.843  , 

1.8  :  1.7  j  i.6  1  1.5  u 

1  1.3 

gm  cm““3 

p  W  2 
ro  e 

3.16 

2.92  2^3!  2.00  i  I.621  1.29 

1.01 

Mb  cc/cc 

±0.12 

±o.ioj±o.o7  |  ±o.c6  !  ±0.05  !  ±0.06 

±0.07 

TABIE  1 
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Initial  Density  g.cm  3 


Pig.  4  -  Elastic  Wave  Velocity 


Pig.  5  -  Pree  Surface  Velocity  Due  to  Elastic  Rrecurscr 
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1*6 
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Pig.  7  -  Plastic  Wave  Velocity  Wp 
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beryllium  is  established  from  the  empirical  linear 
relation 

W  =  W  +  B  u  where  B  is  constant, 
o 

Reference  (6)  quotes  Wq  =^8*06  mnv/jusec  for  a 
density  of  1*851  gm  cm~3  (due  to  McQueen  and 
Marsh) • 

The  same  reference  quotes  a  linear  fit  to 
W,u  data  (over  a  pressure  range  70  to  180  Kbar) 
for  1*295  gm  cm“3  beryllium  in  which  Wq  =  0*79 
mm/  psec  • 

These  two  values  are  shown  as  triangles  in 
Fig.  7,  and  the  solid  curve  has  been  constructed 
through  them  with  reference  to  the  experimental 
W  curve  and  assuming  that  (W  —  Wq)  increases 
linearly  from  pc  =  1*851  gm  cmr3  to  p0=  1*295  gm 
cnf"^ .  The  solid  curve  is  proposed  as  an 
approximate  estimate  of  the  variation  of  Wq  with 
density. 


4- 


Pig.  9 

Implicit  in  this  argument  is  the  assumption 
that  the  porous  V/,u  curves  are  linear.  This  has 
been  demonstrated  to  be  untrue  in  the  case  of 
porous  copper  (7) ,  but  it  may  be  a  better 
approximation  than  the  ’’total  compaction  at 
negligible  pressure"  model  which  results  in  Y/,u 
curves  passing  through  the  origin  • 

A  set  of  W  values  from  Pig.  7  are  shown  in 
Table  2  and  a  selection  is  shown  in  Pig •  10  in 
comparison  with  the  calculated  curves*  Also  in 
the  table  are  the  estimated  initial  slopes  of 
the  plastic  curves,  f3Wo2. 

4.  CONCLUSIONS 

An  elastic  precursor  wave  of  finite  initial 
amplitude  was  seen  in  all  porosities  examined* 

The  variation  with  density,  of  its 
amplitude  and  velocity  was  measured  using  the 
optical  techniques  described. 

Further  precursor  wave  structure  was 
evident  in  the  traces  and  its  presence  in  the 
sintered  beryllium  used,  is  not  inconsistent 
with  Boade*s  qualitative  proposal  of  a  •repack¬ 
ing*  wave  with  which  he  explained  the  double 
precursor  found  in  sintered  copper  and  sintered 
tungsten  foams.  The  observed  elastic  wave 
structure  indicates  that  there  is  more  detail  in 
the  P,v  curves  than  is  shown  in  the  simplified 
diagrams  here,  with  possibly  a  curvature  of  the 
•elastic*  portion  of  the  curves  before  the 
transition  to  plastic. 

Measurements  of  the  plastic  wave  show  that 
it  produced  complete  pore  compaction  in  all 
densities  of  beryllium  examined,  but  a  tentative 
estimate  has  been  made  of  the  variations  with 
density  of  the  effective  bulk  sound  velocity  and 
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1.845 

1.8 

1.7 

1.6 

1.5 

1.4 

1.3 

gm  cm  ^ 

w 

0 

7.88 

6.76 

4.86 

3.51 

2.45 

1.58 

0.83 

mn\/|isec 

ewo2 

1.15 

0.82 

0.40 

0.20 

0.09 

0.03 

0.01 

Mb  cc/cc 

TABIE  2 


hence  the  initial  slope  of  the  plastic  compres¬ 
sion  curve.  These  values  are  likely  to  be  over¬ 
estimates  owing  to  the  non-linearity  of  the 
shock  velocity  versus  particle  velocity  curves 
for  porous  media,  and  depend  on  a  rather 
extended  extrapolation  of  the  Ref •  (6 )  data • 
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and 
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The  Mie-Gruneisen  type  equation  of  state  was  derived  for  Plexiglas 
from  the  experimentally  determined  relation  between  shock  velocity 
and  particle  velocity.  The  equation  was  used  in  the  two  dimensional 
elastic-plastic  code,  HEMP,  to  study  a  diverging  shock  wave  in  a 
Plexiglas  cylinder.  The  agreement  between  the  computation  and  exper¬ 
imental  data  is  generally  good.  The  curvature  of  the  shock  front  in 
Plexiglas  is  simulated  satisfactorily.  Calculated  stress  versus  time 
curves  for  different  lengths  of  Plexiglas  give  some  insight  into  the 
mechanics  of  gap  testing  of  explosives. 


INTRODUCTION 


EXPERIMENTAL 


This  paper  presents  a  numerical  analysis 
made  at  Lawrence  Radiation  Laboratory, 
Livermore,  for  the  dynamic  behavior  of 
Plexiglas  (polymethylmethacrylate,  PMMA). 
Experimental  studies  were  performed  at  the 
Naval  Ordnance  Laboratory,  Silver  Spring, 
Maryland  [1,2,3].  A  Mie-Gruneisen  type  equa¬ 
tion  of  state  is  derived  for  PMMA  in  a  form 
compatible  with  HEMP,  the  LRL  elastic -plastic 
code  [4],  The  data  from  which  the  equation  of 
state  is  derived  are  a  functional  relation 
between  the  shock  and  the  particle  velocities 
measured  at  NOL. 

The  computed  results  are  compared  with 
data  from  the  NOL  reports.  Attention  is 
focused  on  the  shock  and  free  surface  veloc¬ 
ities  along  the  axis,  and  the  radius  of  curvature 
of  the  shock  front.  The  interaction  of  the 
lateral  rarefaction  wave  with  the  shock  is  also 
discussed. 


a)c 

Work  performed  in  part  under  the  auspices 
of  the  U.S.  Atomic  Energy  Commission. 


A.  Observing  Curvature  of  the  Shock 

Fronts  in  PMMA 


One  of  the  NOL  experimental  assemblies  is 
shown  in  Fig.  I .  In  these  experiments  and 
others  described  below,  the  material  was 


Fig.  1  -  Experimental  assembly  for  recording 
curvature  of  shock  front 
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shocked  by  detonating  tetryl  charges  in  contact 
with  the  specimen.  The  charges  were  two  pel¬ 
lets  each  5.08  cm  in  diam  and  2.54  cm  long, 
detonated  at  a  point  on  the  axis  of  symmetry. 

In  the  shock  curvature  experiments,  the  PMMA 
specimen  was  a  rectangular  block  5.08  cm  sq 
by  12.7  cm  long.  The  difference  of  curvature 
of  the  shock  front  in  the  rectangular  column 
from  that  in  a  cylindrical  column  was  taken 
into  account.  The  square  cross  section  was 
used  because  of  difficulties  in  observing  the 
shock  wave  in  a  cylinder. 

B.  Measuring  the  Shock  Velocity 

The  shock  velocity  was  measured  by  record¬ 
ing  the  progress  of  the  front  along  the  axis, 
using  a  streak  camera.  For  this  work,  the 
diameter  of  the  PMMA  specimen  cylinders  was 
slightly  greater  than  5.08  cm.  So  that  the  shock 
could  be  viewed  clearly  against  the  back  light, 
the  lateral  face  of  the  cylinders  was  machined 
flat  and  polished  so  that  two  flat  strips  about 
0.5  cm  wide  lay  parallel  to  the  axis,  diametri¬ 
cally  facing  each  other.  The  thickness  of 
PMMA  between  the  flat  sections  was  5.08  cm. 

The  camera  records  represented  position 
versus  time,  so  the  experimental  data  had  to 
be  differentiated  to  get  the  shock  velocity  S. 

One  reason  for  undertaking  the  computations 
reported  here  was  to  find  out  whether  the  S 
versus  x  curve  is  smooth.  We  wished  to  deter¬ 
mine  if  the  experimental  data  had  been  properly 
averaged  so  as  to  obtain  the  usual  smooth  gap- 
test  calibration  curves. 

C.  Measuring  the  Free  Surface  Velocity 

Free  surface  velocities  were  taken  from 
experiments  in  which  minute,  thin  plastic  foils 
were  projected  off  the  free  surface  of  PMMA 
cylinders  (see  Fig.  2).  These  cylinders  were 
each  5.08  cm  in  diam;  different  lengths  were 
used  so  that  a  curve  of  free  surface  velocity  as 
a  function  of  axial  distance  could  be  developed. 

EQUATION  OF  STATE 

A.  Equation  of  State  for  PMMA 

The  data  taken  with  smear  cameras  yielded 
the  shock  velocities  and  the  free  surface  veloc¬ 
ities.  After  the  data  points  were  smoothed,  a 
functional  relation  between  the  shock  velocities 
and  the  particle  velocities  was  derived  assum¬ 
ing  that  the  particle  velocity  is  half  the  free 
surface  velocity.  The  relationship  [5]  was 
found  to  be 

S  =  0.587  exp(-2.30u)  +  2.45  +  1.67u  (1) 

where  S  and  u  are  the  shock  and  particle  veloc¬ 
ities  in  mm/jusec,  respectively. 

Assuming  the  Hugoniot  relations,  the  Mie- 
Grdneisen  type  equation  of  state  for  PMMA  was 
derived  from  Eq.  (1)  as  follows: 

P  =  0.09  n  +  0.001  n2  +  0.55  +  0.441  (E/V)  (2) 


Fig.  2  -  Typical  smear  camera  setup  for 
measuring  the  free  surface  velocity 


where  /u  =  (l/V)  -  1  is  the  volume  compression, 

V  =  v/vQ  is  the  ratio  of  the  specific  volumes, 
and  E  =  e/vQ  is  the  ratio  of  the  specific  energy 
to  the  specific  volume  at  room  temperature. 

The  shear  modulus  of  elasticity  G  and  yield 
strength  YQ  are  G  =  0.0143  Mbar  and 
YQ  =  0.00142  Mbar,  respectively.  The  deriva¬ 
tion  of  Eq.  (2)  is  semiempirical  because  the 
first  constant  and  Grdneisen  coefficient  are 
calculated  from  physical  principles  whereas  the 
second  and  the  third  coefficients  are  empirically 
chosen. 

Figures  3  and  4  demonstrate  the  accuracy  of 
the  equation  of  state.  In  Fig.  3,  the  shock  and 
particle  velocities  are  calculated  from  Eq.  (2) 
according  to  the  relationships 

-<j  =  pQ  S  u  ,  (3a) 

V  =  1  -  jj  ,  (3b) 

-a  =  P  +  (2/3)  Yq  ,  (3c) 

where  the  stress  (a)  is  positive  in  tension.  The 
results  are  shown  as  a  curve.  The  data  points 
shown  in  this  figure  are  taken  from  Eq.  (1)  and 
fall  within  3%  of  the  curve.  Point  A  is  the 
elastic  limit  of  PMMA  (explained  below). 

Figure  4  shows  a  similar  comparison  between 
the  Hugoniot  curve  as  calculated  from  Eq.  (2) 
and  the  points  taken  from  Eq.  (1)  according  to 
the  relations  in  Eqs.  (3).  These  points  also 
fall  within  3%  of  the  curve  below  0.3  Mbar. 


366 


Kamegai  and  Erkman 


Fig.  3  -  Shock  velocity  versus  particle  velocity 


Fig.  4.-  Equation  of  state  for  PMMA 


The  elastic  limit  is  determined  as  follows. 
Equations  (3)  describe  the  plastic  deformation 
which  takes  place  above  the  elastic  limit, 
whereas  the  elastic  deformation  which  takes 


place  below  the  elastic  limit  is  described  by  a 
one-dimensional  elastic  relationship, 

-a  =  (k  +|g)  (^  *  l)  .  (4) 

where  K  and  G  are  the  bulk  modulus  and  shear 
modulus,  respectively.  Therefore,  the  inter¬ 
section  of  these  two  curves  is  the  elastic  limit. 
The  longitudinal  sound  velocity  in  PMMA  yields 

K  +  ^  G  -  0.109  Mbar. 

In  Fig.  5,  the  elastic  limit  is  found  at  -o^  =5.45 
kbar  and  ju  0.05. 


Fig.  5  -  Stress  curve  derived  from  the  meas¬ 
ured  shock  and  particle  velocities 


B.  Equation  of  State  for  Tetryl 

The  equation  of  state  for  the  detonation 
products  of  tetryl  has  not  yet  been  studied  to 
the  extent  as  those  for  the  more  widely  used 
explosives.  For  this  reason,  we  used  the 
gamma-law  equation  P  =  (y  -  1)  E/V  to  describe 
tetryl  product  gases.  The  tetryl  was  pressed 
to  a  density  of  1.51  gm/cc  and  had  a  detonation 
velocity  (D)  of  0.72  cm/jusec.  The  LRL  Chem¬ 
istry  Department  [6]  determined  the  chemical 
energy,  Ep,  to  be  0.072  eu/cc  (eu  =  Mbar  *  cc  = 
10^ J).  Solving  for  y  in  the  relation 
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/ 

real 

An  alternate  estimate,  using  results  from  the 
RUBY  code,  gives  a  value  of  2.98  for  7  and 
0.197  Mbar  for  Pcj.  The  result  of  using  the 
smaller  value  of  71s  that  such  shock  wave 
variables  as  stress,  shock  velocity,  and  parti¬ 
cle  velocity  are  probably  too  large. 

COMPUTATIONS 

Computations  were  performed  with  the 
HEMP  code.  This  code  is  a  two-dimensional 
Lagrangian  code  capable  of  handling  problems 
in  which  the  shear  strength  of  the  flowing 
material  cannot  be  neglected.  That  is,  it 
computes  flow  in  elastic-plastic  materials 
such  as  PMMA  for  which  an  elastic -plastic 
equation  of  state  has  been  derived  as  above. 

The  problem  was  set  up  as  shown  in  Fig.  6, 


yields  7  =  2.54.  This  implies  a  Chapman- 
Jouguet  pressure  of  0.221  Mbar  [Ppj  =  p0D2 
(7  +  1)1,  which  is  probably  0.024  Mbar  too  g 


Fig.  7  -  Shock  position  along  the  axis  of  a 
PMMA  cylinder  5.08  cm  in  diam  and  10.16  cm 
long 


2.45  cm 

i 

(20)  Tetryl 

—  1  /  jn\  - 

PMMA 

■♦+  ^  4U ) 

"• - ( 80) - 

r* —  5.08  cm  - — 

- -  10.16  cm  - - 

-  Detonation  point 


Fig.  6  -  Geometry  of  the  HEMP  problem.  The 
numbers  in  parentheses  are  zone  numbers 


Since  HEMP  computes  the  shock  position 
rather  than  the  shock  velocity,  one  has  to  dif¬ 
ferentiate  Fig.  7  either  graphically  or  numer¬ 
ically  to  get  the  shock  velocity.  An  alternative 
approach  would  be  to  derive  the  shock  veloc¬ 
ities  by  Eq.  (1)  from  the  maximum  particle 
velocities  which  HEMP  calculates. 

B.  Particle  and  Free  Surface  Velocities 


which  gives  the  dimensions  and  the  number  of 
zones  for  each  dimension.  Each  zone  for  this 
particular  case  is  0.127  cm  sq.  A  zone  size 
of  0.06  cm  was  used  for  computing  the  shape 
of  the  shock  front.  The  problem  is  axially 
symmetric  and  has  free  surfaces  as  boundaries 
on  three  sides.  The  boundary  between  the 
explosive  and  the  PMMA  was  treated  so  that 
the  gases  could  slip  with  respect  to  the  PMMA. 
No  provision  was  made  to  simulate  fracturing 
of  the  PMMA  which,  in  these  experiments,  was 
observed  to  shatter  completely  near  the  explo¬ 
sive. 

A.  Shock  Path 

The  computed  position  of  the  shock  front  is 
the  point  of  the  maximum  Q,  which  is  the  well 
known  artificial  viscosity  [4,7].  Figure  7 
shows  shock  position  as  a  function  of  time. 

Also  shown  in  this  figure  are  data  points  ob¬ 
tained  from  five  experiments  done  at  NOL  [2], 
These  data  are  derived  from  the  streak  camera 
records  in  a  straightforward  manner.  There 
are  no  difficult  operations  such  as  numerical 
or  graphical  differentiation.  A  real  difference 
is  evident  between  the  experimental  and  com¬ 
puted  results,  meaning  that  the  shock  strengths 
by  computation  were  too  great.  Hence  we 
expect  that  for  any  given  position  the  computed 
shock  and  particle  velocities  will  be  too  large. 


The  particle  velocity  was  recorded  graphi¬ 
cally  and  in  tabular  form.  Figure  8  shows  the 
peak  particle  velocity  as  a  function  of  axial 
distance  taken  from  the  most  recent  NOL  large 
scale  gap  test  (LSGT)  calibration  [8],  The 


Fig.  8  -  Particle  velocity  versus  axial  distance 
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curve  was  derived  from  both  free  surface 
velocities  and  shock  velocities.  Also  shown  in 
this  figure  are  the  computed  maximum  particle 
velocities  and  computed  half-the-free-surface 
velocities  at  various  points  along  the  axis. 

A  broad  "hump"  appears  in  the  experimen¬ 
tal  curve  between  2.0  and  4.0  cm  along  the 
axis.  The  computation  seems  to  confirm  this 
result,  implying  that  the  S  versus  x  curve 
should  also  show  the  hump  as  described  in 
Ref.  [2]. 

The  disagreement  between  computational 
and  experimental  results  is  more  than  10%. 

As  discussed  in  the  section  on  the  tetryl  equa¬ 
tion  of  state,  the  Chapman-Jouguet  pressure 
calculated  from  the  gamma-law  equation  of 
state  may  be  too  large.  This  probably  explains 
the  discrepancy  between  the  computation  and 
the  experiment. 

C.  Radius  of  Curvature 

Figure  9  shows  five  profiles  of  the  shock 
front  as  computed  by  HEMP  using  finer  zoning, 
i.e.,  0.06 -cm  zones.  Each  curve  is  labeled 
with  the  elapsed  time  from  initiation  of  detona¬ 
tion  in  the  tetryl.  The  location  of  the  front  is 
found  by  searching  for  those  zones  having  the 
greatest  value  of  Q.  For  comparison,  data 
points  derived  from  NOL  experiments  are  also 


plotted  on  Fig.  9.  The  agreement  is  good. 

The  maximum  difference  is  of  the  order  of  the 
dimension  of  a  zone,  0.06  cm.  Thus  the 
numerical  simulation  reproduces  the  shape  of 
the  shock  front  better  than  it  calculates  the 
peak  particle  velocity. 

By  assuming  that  the  shock  wave  is  a  spher¬ 
ical  wave  just  as  it  enters  the  PMMA,  the 
radius  of  curvature  (r)  of  the  diverging  spher¬ 
ical  wave  could  be  calculated  for  each  profile, 
as  shown  on  the  bottom  of  Fig.  9.  As  the  shock 
front  advances  in  PMMA,  a  lateral  rarefaction 
wave  relieves  the  pressure.  The  point  of 
deviation  between  the  shock  front  and  the 
diverging  spherical  wave  is  the  front  of  the 
lateral  rarefaction.  The  broken  line  in  Fig.  9 
follows  the  rarefaction  fronts  across  the  five 
profiles. 

Measurements  of  the  radius  of  curvature, 
made  by  a  least  square  analysis  of  the  photo¬ 
graphic  records,  show  a  discontinuous  decrease 
in  this  radius  between  2  and  4  cm  axial  dis¬ 
tance  [1],  Close  examination  of  Fig.  9  reveals 
that  the  lateral  rarefaction  wave  traveling 
along  the  shock  front  seemingly  accelerates  in 
this  region,  introducing  more  asphericity  to 
the  shock  profile.  Thus  the  radius  of  curvature 
measured  by  the  least  square  analysis  on  the 
assumption  that  the  shock  front  is  a  perfect 
sphere  displays  this  apparent  discontinuity. 


Fig.  9  -  Shock  profiles  (time  measured  from  detonation) 
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DISCUSSION  AND  CONCLUSIONS 

It  has  been  shown  in  the  preceding  discus¬ 
sion  that  simulation  of  the  flow  in  a  PMMA  rod 
gives  good  results.  This  is  inferred  from 
comparing  the  shock  path  curves  from  experi¬ 
ments  with  that  from  the  simulation.  The 
computed  particle  velocity  versus  distance 
curve  also  agrees  well  with  that  obtained  from 
experimental  work.  Finally,  the  curvature  of 
the  shock  front  is  also  reproduced  by  the 
simulation.  The  computed  velocities  and  pres¬ 
sures  are  about  10%  higher  than  the  experi¬ 
mental  values;  this  can  be  attributed  to  our 
selection  of  a  7  value  for  tetryl  giving  a  value 
for  Pca  about  12%  higher  than  better  estimates 
(e.g.  RUBY  code  computations).  Hence  we 
feel  that  a  computer  simulation  of  the  LSGT  is 
feasible. 

Results  of  simulating  the  LSGT  are  useful 
because  the  process  gives  data  which  are 
either  experimentally  inaccessible  or  very  dif¬ 
ficult  to  obtain.  For  example,  the  simulation 
gives  both  particle  velocity  and  pressure  as 
functions  of  time  for  various  points  in  the 
PMMA  (see  Figs.  10  and  11).  For  a  point  near 
the  explosive,  these  curves  display  a  sharp 
spike  which  decays  significantly  during  some 
0.5  /usee.  (See  curves  for  x  =  0  or  0.03  cm  and 
x  =»  0.44  cm  in  Figs.  10  and  11.)  For  greater 
values  of  x,  the  particle  velocity  curve  be¬ 
comes  nearly  flat  (see  x  =  2.39  cm  curves) 
while  the  pressure  curve  is  triangular.  For 
x  ^  3.28  cm,  the  rate  of  decay  of  u  and  P  again 
becomes  more  rapid.  Thus  in  the  gap  test, 
where  different  lengths  of  PMMA  are  used,  the 
acceptor  explosives  are  subjected  not  only  to 
different  peak  pressures  but  to  different  rates 
of  unloading. 

The  results  of  LSGT  tests  of  several  explo¬ 
sives  are  given  in  Table  1  [9],  The  critical 
pressure  pulse  required  to  initiate  detonation 


Fig.  10  -  Particle  velocity  versus  time  after 
initiation 


Fig.  11  -  Pressure  versus  time  after  initiation 

in  an  explosive  can  be  located  in  Fig.  1 1  by 
using  the  50%  gap  thickness  from  Table  1  and 
the  shock  path  curve  (Fig.  7).  In  the  LSGT, 
nitroguanidine  responds  to  an  intense,  rapidly 


TABLE  1 

Large  Scale  Gap  Test  Results  for  Several  Explosives 


Theoretical 

maximum  Gap  sensitivity 


Density — 

density  — 

(50%  point) 

Method  of  preparing 

Explosive 

gm  /cc 

% 

cm 

kbar 

charges 

Nitroguanidine 

1.64 

92.1 

0.81 

93 

Pressed 

press. 

in  isostatic 

TATB 

1.82 

94.6 

2.0 

59 

Pressed 

press. 

in  isostatic 

Baratol 

— 

— 

3.0 

43 

Cast. 

Explosive  D 

1.59 

92.6 

3.8 

31 

Pressed 

press. 

in  hydraulic 

TNT 

1.60 

97.1 

4.7 

21 

Pressed 

in  isostatic 

press. 
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decaying  shock.  (Note  that  we  always  refer  to 
the  shock  in  the  PMMA.)  TATB  responds  to  a 
less  intense  shock  (59  kbar)  which  decays  at  a 
more  moderate  rate.  Note  also  that  the  pres¬ 
sures  given  in  Table  1  do  not  agree  with  those 
read  from  the  peak  pressure  envelope  of  the 
curves  in  Fig.  1 1  because  of  the  choice  of 
equation-of-state  parameters  for  tetryl  (see 
above). 

For  such  relatively  insensitive  explosives  as 
TNT,  the  peak  pressures  are  about  20  kbar  and 
the  rate  of  unloading  ~  17  kbar/jLtsec.  Note  that 
the  peak  pressure,  however,  is  still  above  that 
given  by  the  LSGT  calibration.  The  code 
rounds  the  shock  front  rather  severely  as  x 
approaches  5  cm.  Apparently  finer  zoning  is 
required  for  more  accurate  computation  of  the 
rise  time  of  the  shock  front. 

The  next  step  in  simulating  the  LSGT  is  to 
compute  the  flow  in  the  acceptor  explosives. 

For  this,  we  need  an  equation  of  state  of  the 
unreacted  explosive,  and  values  for  at  least 
some  of  the  parameters  that  control  the  initiat¬ 
ing  process.  This  step  is  taken  only  after  care¬ 
ful  evaluation  of  probable  values  of  the  results 
has  been  completed. 
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A  method  is  presented  for  calculating  high  explosive  hydrodynamic  motion 
and  detonation.  A  two-dimensional  Euler ian  hydrodynamic  code  is  used. 
The  code  allows  for  flow  with  large  distortions  and  turbulence,  per¬ 
mitting  calculations  normally  difficult  or  impossible  with  the  usual 
Lagrangian  codes.  A  bum  routine  treats  each  zone  individually.  Det¬ 
onation  proceeds  at  a  velocity  determined  by  local  conditions.  It  is 
immediately  applicable  to  implosions,  shaped  charges,  and  complex  inter¬ 
acting  detonation  fronts.  The  hydrodynamic  code  has  proved  accurate  in 
predicting  pressures,  flow  fields,  and  detonation  velocities.  Calcula¬ 
tions  of  a  center- detonated  sphere  demonstrated  the  code’s  symmetry.  A 
second  calculation  demonstrated  some  of  the  code's  capability.  A  "bomb- 
shaped”  charge  was  two-point  detonated  producing  a  high-velocity  jet 
where  the  two  waves  met.  Calculation  was  continued  until  the  peak  air 
shock  pressure  was  less  than  30  psi.  Results  are  compared  with  the 
same  "bomb -shape"  one -point  detonated.  This  method  provides  all  the 
parameters  to  accurately  describe  the  hydrodynamic  motion  inside  the 
explosive  as  well  as  in  the  surrounding  media. 


INTRODUCTION 

In  recent  years  we  who  have  been  working 
with  the  SHELL  code  have  been  asked  to  provide 
predictions  of  airblast  parameters  for  high  ex¬ 
plosive  detonations.  Until  recently  these  re¬ 
quests  were  answered  with  the  results  obtained 
from  two  basic  computer  codes,  SAP  and  SHELL. 

SAP  is  a  one - dimens ional ,  Lagrangian, 
spherically  symmetric,  hydrodynamic  computer 
code  which  we  modified  to  allow  high  explosive 
"bum."  SHELL  is  a  two-dimensional,  Eulerian, 
cylindrically  symmetric  hydrodynamic  code.  In 
all  cases  the  bum  was  accomplished  by  SAP.  If, 
after  the  bum  was  complete,  two-dimensional 
effects  were  present  (such  as  a  reflecting 
ground  plane)  the  SHELL  code  was  used.  The  re¬ 
sults  of  a  S/U>  calculation  were  then  converted 
to  two -dimens  ions  before  two-dimensional  ef¬ 
fects  were  evident.  The  two-dimensional  SAP 
results  were  then  used  as  initial  conditions 
for  a  SHELL  calculation. 

This  procedure  has  provided  experimenters 
with  predictions  for  arrival  times,  overpres¬ 
sures,  dynamic  pressures,  positive  phase  dura¬ 
tions  and  impulses--in  general,  all  measurable 
parameters.  The  results  of  such  calculations 
have  proven  to  be  very  accurate  and  for  most 
experiments  fall  well  within  the  error  bars  of 


the  experimental  data. 

Recently  we  were  asked  to  make  predictions 
for  the  airblast  from  a  bomb -shaped  charge  det¬ 
onated  simultaneously  at  both  ends.  The  "bum" 
could  not  be  done  in  one -dimens ion.  This  paper 
describes  the  method  used  to  provide  such  pre¬ 
dictions  and  presents  some  results  of  the  cal¬ 
culations. 

THE  HYDRODYNAMIC  CODE 

The  basic  SHELL  code  is  a  two-dimensional, 
cylindrically  symmetric,  Eulerian,  hydrodynamic 
computer  code.  An  Eulerian  code  allows  flow 
with  large  distortions  and  turbulence  thus  per¬ 
mitting  calculations  in  situations  which 
Lagrangian  codes  find  difficult  if  not  inpossi¬ 
ble.  We  considered  this  property  to  be  most 
important  in  solving  problems  of  the  type  men¬ 
tioned  in  the  introduction. 

The  partial  differential  equations  for 
nonviscous,  nonconducting  compressible  fluid 
flow  are  solved  for  each  zone.  The  equations 
are 

Mass 

(It  +  “  *  V)  P  +  p  v  *  u  =  0 
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Momentum 

+  U  •  V^  U  +  Vp  +  pV<J>  =  0 
Energy 


/  3  -► 

p(n  +U 

It-  -*•  -► 

•  VIE  +  v  •  pu  +  pu  *V4>  = 

where  o  = 

density 

-*• 

u  = 

velocity 

P  E 

pressure 

E  = 

specific  total  energy 

t  = 

time 

♦  = 

potential  of  external  field 

A  time  step  (At)  is  chosen  and  the  cell  parame¬ 
ters  are  updated  to  time  (t  +  At)  in  terms  of 
the  parameters  at  time  t. 


Next,  Subroutine  PHI  considers  the  fluid 
at  rest  and  determines  only  the  pressure  term 
contribution  to  the  time  derivative.  The  ve¬ 
locities  are  updated  and  the  energy  may  be 
either  updated  or  the  change  in  energy  stored 
for  later  reference. 

Subroutine  PH4  is  an  optional  routine.  It 
is  either  the  radiation  diffusion  or  ”bum” 
routine.  If  used,  the  energy  is  appropriately 
updated,  ignoring  material  motion. 

Subroutine  PH2  then  transports  mass.  Mo¬ 
mentum  is  conserved  and  energy,  velocity  and 
mass  are  updated  in  each  cell.  Total  energy  is 
conserved  exactly.  This  completes  one  hydro- 
dynamic  cycle.  Auxilary  routines  are  then 
called  for  editing  and  plotting  before  return¬ 
ing  to  CDT  for  the  next  cycle. 

THE  ’’BURN”  ROUTINE 

Three  main  considerations  made  during  the 
writing  of  the  bum  routine  were  its  ease  of 
use,  compatability  with  the  already  existing 
hydrocode,  and  application  to  the  problems  of 
interest. 


SHELL  is  a  one-material  code.  In  this 
form  it  has  the  capability  of  making  pure  hy¬ 
drodynamic  calculations  for  any  material  which 
can  be  treated  as  a  compressible,  inviscid 
fluid  and  for  which  a  valid  equation  of  state 
exists.  The  one-material  version  has  been  used 
for  years  in  the  study  of  air  blast  and  pellet 
impact.  The  accuracy  of  the  code  is  time  test¬ 
ed  and  proven. 

The  basic  one -material  code  is  the  heart 
of  what  we  call  the  ’’SHELL  family  of  fine 
codes.”  Some  other  members  of  the  family  are 
SHELL 2,  a  two-material  code;  RADISH,  a  hydro¬ 
code  with  radiation  diffusion;  RADISH5,  a  five- 
material  code  with  radiation  diffusion; 

SPSHELL ,  a  version  written  in  polar  coordin¬ 
ates;  SHELLP,  a  version  written  for  pure  two- 
dimensional  flow  (no  axis  of  symmetry) . 

A  prerequisite  for  a  code  used  to  calcu¬ 
late  HE  ’’bum”  is  that  it  be  able  to  handle 
several  materials.  RADISH5  was  therefore  cho¬ 
sen  as  a  basis  for  the  two-dimensional  ”bum” 
code.  The  radiation  diffusion  subroutine  was 
removed  in  anticipation  of  a  high  explosive 
bum  subroutine. 

The  hydrodynamic  calculation  is  carried 
out  in  the  following  order:  Subroutine  CD T 
determines  a  time  step  based  on 


where  is  the  maximum  of  material  speed  or 
sound  speed  and  Ax^  is  the  minimum  dimension 
of  a  zone. 


The  purpose  of  the  calculation  was  to  pro¬ 
duce  answers  to  the  problems  of  the  hydrodynam¬ 
ic  motion  of  the  detonation  products  and  their 
effect  on  the  surrounding  media.  The  bum  rou¬ 
tine,  therefore,  is  not  concerned  with  the  ex¬ 
act  behavior  at  the  detonation  front  nor  with 
time -dependent  chemistry  of  the  explosive. 

Based  on  our  experience  with  the  one -dimension¬ 
al  bum  routine,  we  established  the  following 
"ground  rules.” 

1.  The  detonation  front  is  a  sharp  line 
dividing  the  cell  into  burned  and  unbumed  ex¬ 
plosive. 

2.  The  detonation  front  proceeds  through 
the  unbumed  material  at  the  sound  speed  of  the 
material  in  the  zone  now  being  burned. 

3.  The  energy  released  during  detonation 
is  simply  the  detonation  energy  times  the  a- 
mount  of  mass  engulfed  by  the  detonation  front 
in  one  time  step. 

The  above  rules  were  sufficient  in  the 
one -dimensional  case;  however,  two-dimensional 
effects  present  specific  problems.  In  one- 
dimension  the  direction  of  the  motion  of  the 
detonation  front  is  obvious,  either  radially 
inward  or  outward.  This  problem  was  solved 
in  two -dimens  ions  by  adding  rule  number  four: 

4.  The  detonation  wave  in  a  partially 
burned  zone  proceeds  in  the  direction  of  the 
pressure  gradient. 

In  two -dimens ions  we  also  have  the  problem 
of  orientation  of  the  detonation  front  within  a 
zone.  We  found  it  impractical  to  keep  track  of 
possibly  several  detonation  fronts  in  a  single 
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zone.  To  solve  this  problem  we  established 
rule  number  five. 

5.  No  zone  may  ignite  a  neighboring  zone 
until  the  first  zone  is  completely  burned. 

One  condition  which  was  not  foreseen  but 
which  appeared  in  our  second  test  problem,  was 
the  presence  of  a  low -density  region  of  high 
explosive  at  the  surface  of  the  charge.  This 
condition  is  caused  by  the  limited  geometric 
resolution  of  an  Eulerian  code.  The  outer 
boundary  of  the  charge  did  not  coincide  with 
zone  boundaries;  therefore,  the  density  of  the 
outer  surface  was  taken  as  the  mass -weighted 
average  density  of  the  high  explosive  and  air. 
The  artificially  low  density  caused  an  artifi¬ 
cially  high  surface  sonic  velocity.  The  result 
was  that  the  detonation  proceeded  along  the 
outer  edge  of  the  charge  at  several  times  the 
detonation  velocity.  It  was  therefore  neces¬ 
sary  to  establish  rule  number  six. 

6.  No  zone  may  ignite  a  neighboring  zone 
if  its  own  density  is  below  some  arbitrary  per¬ 
centage  of  loading  density. 

A  minor  modification  was  also  necessary  in 
the  mass  transport  routine,  again  due  to  the 
Eulerian  description  of  the  high  explosive 
boundary.  No  burned  explosive  is  allowed  to 
leave  a  zone  until  all  other  materials  have 
left. 


With  the  above  assumptions  and  rules  the 
only  information  necessary  to  the  bum  routine 
is  an  equation  of  state  and  the  detonation 
energy. 


The  vector  components  of  the  now  defined 
sound  vector  are  taken  in  the  direction  of  the 
two  pressure  gradient  components.  The  detona¬ 
tion  wave  may  now  proceed  along  the  pressure 
gradient  components  with  a  velocity  equal  to 
the  corresponding  sound  vector  component. 

Defining  the  computational  mesh  such  that 
Xj[,  Yj  are  the  upper  right  hand  comer  of  a 
zone  having  dimensions  DX^,  DYj  and  density 
Pk,  we  may  describe  the  amount  of  mass  engulfed 
by  the  detonation  wave  in  one  time  step. 

First  we  must  define  the  position  of  the 
detonation  front  in  the  zone.  Assuming  we  are 
moving  radially  outward,  the  position  of  the 
detonation  front  (RZ)  is  defined  by 


TM-MU 

,pk  DYj 


where  TM  is  the  total  mass  of  the  zone  and  MJ 
is  the  mass  of  unbumed  explosive  in  the  zone. 


The  mass  of  unbumed  explosive  engulfed 
in  a  time  step  is  then  calculated  as 


*k"( 


[RZ  +  Cr  At]' 


RZ4 


DY. 


where  Cp  is  the  radial  component  of  the  sound 
vector  and  At  is  the  time  step. 

If  the  detonation  wave  crosses  a  zone 
boundap'-  in  a  time  step,  the  mass  engulfed  in 
the  neighboring  zone  is  calculated 


The  routine  treats  each  zone  individually. 
Four  passes  are  made  through  the  entire  grid 
each  cycle.  In  the  first  pass,  all  energies 
are  updated  based  on  the  results  of  PHI  and  the 
ratio  of  burned  high  explosive  to  total  high 
explosive  is  determined.  If  the  ratio  indi¬ 
cates  the  presence  of  either  burned  or  unbumed 
HE  in  an  amount  less  than  1  part  in  10 4  the 
small  amount  is  zeroed  and  the  energy  properly 
balanced. 

The  second  pass  considers  only  those  zones 
containing  all  burned  explosive  with  neighbor¬ 
ing  zones  having  unbumed  explosive  but  no 
burned  explosive.  In  this  case  the  detonation 
proceeds  from  the  zone  interface,  perpendicular 
to  the  interface  at  the  local  sound  speed. 

The  third  pass  through  the  grid  ignores 
those  zones  considered  in  the  second  pass  and 
only  considers  zones  which  are  partially  burn¬ 
ed.  When  a  partially  burned  zone  is  found,  the 
two  components  of  the  pressure  gradient  across 
the  cell  are  calculated,  (one  radial,  one  axi¬ 
al).  From  these,  the  direction  of  the  vector 
gradient  is  found.  The  detonation  wave  now 
proceeds  at  the  speed  of  sound  in  the  direction 
of  the  vector  gradient,  that  is,  along  what  I 
will  call  the  sound  vector. 


AMk+1  =  *[(RZ  +  Cr  At)2  -  X/2]  pk+1  DYj 

Similar  equations  are  used  for  axial  motion  of 
the  detonation  front. 

The  final  pass  through  the  grid  converts 
the  mass  engulfed  by  the  detonation  wave  in 
each  zone  from  unbumed  explosive  to  burned 
explosive  and  deposits  an  amount  of  energy 
AMfcE,  where  E  is  the  amount  of  energy  released 
per  unit  mass. 

CALCULATIONAL  RESULTS 

The  calculations  presented  here  used  the 
LSZK  equation  of  state  for  the  detonation 
products  in  a  TNT  explosion.  The  SHELL  code 
used  a  purely  compress ional  equation  of  state 
for  the  unbumed  TNT.  This  is  an  analytical 
fit  to  the  Hugoniot  for  solid  explosives. 

The  first  test  problem  was  a  50 -cm  radius 
HE  sphere  loading  density  1.58  gm/cm5  detonat¬ 
ed  at  the  center.  Forty- six  hundred  and  eight 
zones  were  in  the  computational  mesh,  each 
zone  was  1.5  cm  square.  Thus,  1745  zones  de¬ 
fined  the  sphere.  This  test  problem  served  a 
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dual  purpose.  The  symmetry  of  the  bum  rou¬ 
tine  could  be  checked  and  the  accuracy  of  the 
method  could  be  found  because  analytical  so¬ 
lutions  are  known  for  this  configuration. 

Figure  1  is  an  energy  contour  at  a  time 
of  70  usee.  The  detonation  has  been  carried 
through  approximately  30  zones.  The  outer 
series  of  contours  demonstrates  the  limit  of 
geometric  resolution  of  the  Euler ian  grid. 

The  input  sphere  was  geometrically  perfect. 

The  stairsteps  indicate  the  zone  size.  The 
inner  contours  show  the  symmetry  of  the  deton¬ 
ation  front  relative  to  the  surface  of  the 
sphere . 

At  this  time  the  detonation  front  has 


reached  a  radius  of  approximately  47  cm  with 
a  detonation  velocity  of  6.7  x  10$  cm/sec. 

The  analytic  detonation  velocity  for  the  LSZK 
equation  of  state  at  this  loading  density  is 
6.9  x  10$  cm/sec.  The  difference  between  the 
calculated  and  analytic  velocity  is  easily 
accounted  for  by  the  1.5-cm  zone  size  in  the 
calculation  and  finite  difference  approximation 
made.  Twice  this  error  would  not  be  considered 
serious.  It  can  further  be  shown  that  this 
detonation  velocity  is  constant  over  most  of 
the  radius.  It  took  a  few  zones  for  the  deton¬ 
ation  to  stabilize.  The  sawtooth  effect  on  the 
detonation  front  is  a  result  of  the  definition 
of  the  pressure  gradient  across  a  zone.  This 
instability  is  bounded  to  a  distance  of  less 
than  one  zone  dimension.  The  bum  method 
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surpassed  our  expectations  in  accuracy  of  both 
geometric  definition  and  hydrodynamic  parame¬ 
ters.  Figure  2  is  a  comparison  with  the  ana¬ 
lytic  solution. 

We  then  proceeded  to  make  calculations  for 
the  specific  case  requested.  MHow  would  the 
airblast  from  a  specific  conventional  bomb  be 
modified  if  a  second  detonator  were  installed 
at  the  rear?"  We  chose  the  configuration  such 
that  the  nose  of  the  bomb  was  1  meter  above 
ground  at  the  time  of  detonation.  This  placed 
the  tail  of  the  bomb  3.8  m  above  ground.  Forty  - 
six  hundred  and  eight  zones  were  used.  Each 
zone  was  4.5  cm  in  the  axial  direction  by  1.5 
cm  in  the  radial  direction.  This  asymmetry  of 


the  zones  led  to  some  asymmetry  of  the  detona¬ 
tion  front  but  was  not  considered  serious. 

A  second  calculation  was  made  using  the 
same  configuration  with  only  one  detonator  lo¬ 
cated  at  the  tip  of  the  bomb. 

Comparison  of  the  two  calculations  shows 
the  detonation  front  from  the  tip  is  identical 
in  both  cases  to  a  time  of  ^120  ysec.  At  this 
time  the  interaction  of  the  two  detonation 
fronts  in  the  two-point  calculation  becomes  im¬ 
portant  and  considerably  modifies  the  front. 

A  jet  forms  at  the  plane  of  intersection 
of  the  detonation  waves.  The  effect  of  this 


FIG.  2  -  DENSITY  HORIZONTAL  HISTOGRAM 
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jet  is  found  by  comparing  the  peak  pressure  and 
dynamic  pressure  as  a  function  of  radius  for 
the  two  calculations.  Figure  3  is  a  comparison 
of  the  overpressure  vs.  distance  curves  for  the 
two-point  detonation  and  the  one -point  detona¬ 
tion  at  ground  level.  The  overpressure  remains 
at  least  a  factor  of  two  greater  for  the  two- 
point  detonation  to  a  distance  of  about  10  me¬ 
ters.  This  represents  the  difference  between 
750  psi  and  1500  psi. 

POSSIBLE  MODIFICATIONS 

Of  special  interest  in  problems  of  this 
type  is  the  effect  of  time -dependent  chemistry 
behind  the  detonation  front.  A  subroutine  for 
the  multimaterial  code  is  now  available  for  use 


which  allows  calculation  of  atmospheric  time- 
dependent  chemistry. 

This  routine  can  be  modified  to  handle 
high -explosive  time -dependent  chemistry.  Some 
work  is  now  being  done  using  a  seven-species 
equilibrium  chemistry  routine. 

Cased  charges  may  also  be  calculated  as 
long  as  the  conditions  are  such  that  the  case 
material  may  be  treated  as  hydrodynamic,  that 
is,  as  long  as  material  strength  is  not  impor¬ 
tant.  Case  fracturing  can  be  included  by  em¬ 
ploying  relatively  sinple  minimum  density 
checks  during  the  mass -transport  phase  of  the 
calculation. 


FIG.  3- OVERPRESSURE  VS  GROUND  RANGE  (AT  GROUND  SURFACE) 
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CONCLUSIONS 

The  development  of  the  ability  to  calcu¬ 
late  the  phenomenology  of  complex  interacting 
detonation  waves  provides,  I  believe,  a  signi¬ 
ficant  advance  in  prediction  and  calculational 
technique . 

This  code  provides  a  powerful  tool  for  the 
study  of  the  hydrodynamic  aspects  of  detona¬ 
tion.  The  code  has  proven  to  be  very  accurate 
in  the  prediction  of  airblast  from  high- 
explosive  detonations  in  several  test  series 
conducted  both  in  the  United  States  and  Canada. 
I  see  no  reason  why  this  accuracy  should  be 
changed  during  the  calculation  of  detonation. 

It  should  be  pointed  out  however  that  this 
code  is  expensive  to  run  and  may  prove  imprac¬ 
tical  for  many  budgets.  The  5000-zone  version 
of  the  code  has  a  storage  requirement  of 
240,000  octal  locations  and  a  running  time  of 
at  least  one  hour  on  the  CDC  6600  computer  for 
the  simplest  of  test  problems:  The  one-point 
detonation  presented  here  required  approximate¬ 
ly  5  hours  to  complete  the  bum  and  an  addi¬ 
tional  30  hours  to  carry  the  calculation  to  low 
overpressures . 

In  this  particular  instance  however,  the 
cost  of  the  full  calculation  was  less  than  the 
cost  of  detonating  one  such  actual  device.  The 
cost  of  field  testing  would  then  have  to  be  in¬ 
cluded  in  addition.  The  calculation  provides 
much  more  complete  information  than  could  be 
obtained  from  a  single  field  test  or  even  a 
series  of  tests. 
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A  REALISTIC  APPROACH  FOR  DESCRIBING  THE  EXPLOSION-GENERATED 
AXI- SYMMETRIC  WAVE  PROPAGATING  IN  A  HALF-SPACE 


A.  Sakurai 

Waterways  Experiment  Station,  Vicksburg,  Mississippi 


In  connection  with  the  generally  unsatisfactory  situation  of  the  present 
state-of-the-art  for  a  surface  burst  problem,  the  particular  sensitivity 
of  the  input  to  the  solution  of  the  problem  is  discussed  and  related  to  the 
singularity  of  the  solution  at  the  explosion  source.  In  consequence  of 
this,  a  realistic  approach  to  the  problem  is  considered  by  developing  the 
approximate  solution  which  has  the  singularity  representing  the  charac¬ 
teristics  of  the  source  condition  explicitly  so  that  the  above  sensitive 
property  can  be  handled  properly.  The  approach  is  applied  to  the  two 
cases  of  the  acoustic  and  the  elastic  half- spaces,  and  their  results  are 
compared  favorably  with  the  test  data  for  water  and  rock  environments. 


INTRODUCTION 

Consider  here  the  problem  of  describing 
the  shock  wave  generated  by  an  explosion  on  or 
near  an  interface  and  its  propagation  into  the 
lower  half- space.  The  current  standard  theo¬ 
retical  approach  to  this  problem  is  to  simulate 
the  process  by  a  step-by-step  numerical  code 
calculation.  The  results  are,  however,  gener¬ 
ally  not  satisfactory  (1,  2)  as  compared  with 
its  application  to  other  problems  such  as  air- 
blast  calculation.  Quite  often  codes  simply  fail 
to  give  meaningful  results  because  of  instabil¬ 
ity.  When  they  do  give  results,  their  solutions 
are  often  not  only  different  from  each  other  for 
the  same  physical  problem,  but  also  disagree 
with  the  test  data. 

This  situation  stems  from  the  particular 
charge  location,  i.e.  at  the  interface  of  two  dif¬ 
ferent  media,  which  results  in  a  sensitivity  to 
the  problem.  The  feature  can  be  seen  more 
clearly  in  the  following  example  of  water  half¬ 
space,  to  which  an  analytical  solution  is  avail¬ 
able  for  the  water  shock  induced  by  a  spread¬ 
ing  airblast  loading  on  the  surface  (3),  so  that 
the  procedure  is  free  from  the  error  of  code 
simulation.  Now,  the  water  shock  values  com¬ 
puted  from  this  solution  for  the  airblast  input 
from  an  explosion  above  the  surface  show  good 
agreement  with  the  test  data  for  various 
charge  heights  to  small  distances  of  a  few 
charge  radii  (4).  But,  once  the  charge  is  par¬ 
tially  in  water,  the  test  data  show  far  larger 
shock  values,  in  fact,  ten  times  as  large,  com¬ 
pared  with  those  computed,  even  if  the  meas¬ 
ured  surface  pressure  values  from  the  test 
data  are  used  for  the  surface  airblast  loading. 


This  singular  nature  at  the  surface  is  typ¬ 
ical  for  a  surface  burst  problem,  and  partly 
due  to  the  direct  wave  from  the  direct  impact 
but,  as  will  be  seen  below,  mostly  caused  by 
the  airblast  near  the  explosion  source. 

Mathematically,  the  phenomenon  is  re¬ 
lated  to  the  singularity  of  the  solution  at  the 
explosion  source.  The  solution  given  in  the 
example  above  is  designated  only  for  the 
above- surface  cases  and  lacks  the  singularity, 
and  a  solution  without  the  singularity  cannot 
describe  the  surface  burst.  On  the  other  hand, 
any  solution  incorporating  the  singularity 
properly  can  possibly  describe  the  dominant 
feature  of  the  shock  field  outside  the  close-in 
range,  as  much  as  90  percent  as  given  above. 

It  is  thus  more  realistic  for  the  surface 
burst  problem  to  utilize  a  solution  including 
the  singularity  representing  the  characteris¬ 
tics  of  the  source  condition  expressed  explic¬ 
itly  so  that  its  sensitivity  can  be  properly  han¬ 
dled  to  get  a  far-field  solution  that  represents 
the  one  from  the  designated  environment. 

Once  the  singularity  is  removed,  it  is  not  dif¬ 
ficult  to  obtain  an  improvement  by  a  straight 
computation. 

Now,  the  mathematical  problem  of  the  ex¬ 
plicit  solution  of  a  surface  burst  is  very  diffi¬ 
cult  even  for  the  simplest  models  such  as 
acoustic  or  linear  elasticity,  and  the  existing 
analytical  solutions  to  this  problem  are  either 
incomplete  or  unrealistic  for  the  present 
purpose;  thus,  a  more  realistic  and  explicit 
solution,  although  approximate,  is  developed. 
The  actual  procedure  for  this  is  as  follows. 
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First,  the  nature  of  the  source  singularity  is 
determined  from  the  asymptotic  expansion  of 
the  formal  solution  expressed  in  the  Laplace- 
Hankel  transforms,  and  then  the  approximated 
solution  is  constructed  from  the  sum  of  the 
elementary  solutions  which  have  singularities 
at  the  origin  and  are  matched  to  the  above 
singularity. 

In  the  following  paragraphs,  the  method  is 
applied  to  the  two  cases  of  acoustic  and  elastic 
half- spaces  and  their  results  are  compared 
favorably  with  the  test  data  for  water  and  rock 
environments,  respectively. 

ACOUSTIC  HALF-SPACE 

Assume  here  that  linear  acoustic  proper¬ 
ties  hold  within  the  entire  space.  The  assump¬ 
tion  of  acoustic  property  in  the  upper  half¬ 
space  sounds  unrealistic  and,  in  fact,  is 
inadequate  to  describe  the  airblast  field  there. 
But  it  turns  out  to  be  sufficient  for  the  purpose 
of  providing  the  dominant  feature  in  the  lower 
half- space,  as  far  as  the  solution  has  an  ap¬ 
propriate  singularity  at  the  surface. 

Using  the  cylindrical  coordinate  system 
(r,z,0)  with  z  =  0  the  interface,  the  pres¬ 
sures  p  and  p'  in  the  lower  and  upper  re¬ 
gions  should  satisfy 


where 


a  =  Vo>2  +  (s/C)2 


a'  =  V*>2  +  (s/C')2 


and  L  represents  the  inverse  Laplace 
transform  with  s  its  variable,  and  determine 
b  ,  b1  to  satisfy  Eq.  (2)  and  have  a  source  at 
the  origin  from 

b  —  b'  =  k(s)  I 


(4) 


where  k  and  k'  are  functions  of  s  only,  to 
result  in 


b(“iS)= 

which  can  be  simplified,  in  practice,  to 


b(co,s) 


because  of  the  small  value  of  the  ratio  p'/p 
for  typical  cases  of  application. 

Thus,  we  get  the  formal  solution  p 
given  as 


where 


Ap  =  — 

C2  dt2 


Ap' 


1  d2p' 

cT2  a7 


(1) 


-  oo 


O 


.  i  s  e  d2 
A  =  -  —  — -  , 

r  dt  dt  dz2 


P5P(wO.  p'  =  p'(r,z,t) 


The  source  functions  k  and  k'  in  Eq.  (4)  are 
related  to  the  total  input  force  F0(t)  and  ac¬ 
celeration  WQ(t)  at  the  center  by 


t  is  the  time  and  C  ,  C'  are  the  acoustic  ve¬ 
locities  in  the  lower  and  upper  regions,  re¬ 
spectively.  p  ,  p'  must  also  satisfy  the  condi¬ 
tion  at  the  interface  given  as 


and  upper  half- spaces. 

A  formal  solution  of  Eqs.  (1)  and  (2)  with 
a  source  singularity  at  the  origin  (r,z  =  0)  can 
be  given  in  the  following  way. 


k(  s)  =  L(Fo) 


OO 

-  Fo(*)=  / 


(P  -  P')z=0  rdr 


\  =  0  for  z  =  0  f  r  >  0  (2) 

Z\P  o  P  J  *'(s)  =  -L  < 

2 

are  the  densities  in  the  lower 

L° 

dz  \P  o  P  j 

-  J 

■f* 


(6) 


-WJ-  -r- (V’  -  V)z_0  rdr 


Express  the  solution  p  ,  p’  of  Eq.  (1)  in 
the  general  Laplace- Hankel  transforms  as 


p(r,z,t)  =  L  1 


p'(r,z,t)  =  L  1 


j"  b(w,: 


7 


s)J  (o>r)e  az  Ojdco 


b'(w,s)J  (cur)e  a  z  a>daj 


(3) 


where  V,  V'  are  the  z-components  of  the 
material  velocities. 


It  can  be  shown  that 


7- 

-/o 


]Auo)e~°z  o>do> 


-S'.C-S-H') 


where  H  is  the  Heaviside  step  function  and 

q  ='\f 


,  2  .  2 
/  r  +  z  . 
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Accordingly,  Eq.  (5)  is  reduced  to 


p  =  L 

r  a 


/e-az 


cjdcj 


(7) 


It  is  noted  here  that  the  first  term  p  in  Eq.  (7) 
represents  the  ‘‘direct  wave”  caused  by  the 
direct  impact  of  the  source  to  the  medium  in 
the  lower  space,  while  the  second  term  pa  is 
interpreted  as  the  “airblast  induced  wave”  (5). 
Now,  an  explicit  expression  for  pa  is  derived 
in  a  manner  as  mentioned  in  the  introduction 
above.  By  simply  repeating  the  integration  by 
parts,  we  get  from  Eq.  (7) 


(8) 


/c 


Since  pa  is  a  solution  of  the  wave  equation  for 
p  in  Eq.  (1),  it  can  be  expressed  generally  as 
the  sum  of  the  elementary  solutions  of  the 
wave  equation 


Pa  = 


Y.  ’-■  "-j  V-H) 


(9) 


n,n=0, 1 ,2  . 


where 


L*  ~  dz' 


1  d  d 


the  functions  f qq  ,  are  determined« 

They  depend  on  how  many  terms  are  retained, 
and  the  second  approximation  using  the  first 
two  terms  gives 

^o=rK1^)iwo(,-c)HH) 

(ii) 

f2o - \ cc'  (x  - |r)H (* (*-§- 7) 

With  the  explicit  expression  of  pa  of  Eqs. 

(10)  and  (11),  Eq.  (7)  gives  the  pressure  for¬ 
mula  provided  by  the  input  functions  F0  and 
WQ  ,  which  depend  on  the  nature  of  the  ex¬ 
plosion.  For  the  surface  burst  of  a  spherical 
HE  charge,  it  is  found  (5)  that  they  can  be 
given  by 


F0(t)=(<rao)2pae 


“  t/  D 


p;wo(t) 


„  u‘  . 

K  — -  p 1  a 

C  < 


-t/D’ 


(12) 


where  aQ  is  the  charge  radius;  p^  ,  U1,  D' 
are  the  initial  shock  pressure,  velocity,  and 
duration  of  the  free  airblast;  ps  ,  Dg  are  the 
corresponding  values  in  the  lower  medium 
(free-water  data);  and  at ,  K  are  the  factors 
due  to  the  deviation  of  the  center  of  the  charge 
from  the  interface.  Thus,  the  pressure  for¬ 
mula  becomes  for  this  case 

p(r,z,t)  =  p(r,z,t)  H(y)  (13) 


y 


t 


q_ 

c 


=  Pgfl2  —T 


-y/D„ 


C2  )q2j 


and  /m  n  are  functions  to  be  determined. 
Utilizing  the  symmetry  property  of  pa  to  the 
z  =  0  plane,  Eq.  (9)  is  reduced  to 


By  comparing  the  terms  in  Eq.  (10)  with  the 
same  powers  in  z  at  r  =  0  of  Eq.  (8), 


The  pressure  values  for  the  water  environ¬ 
ments  are  computed  from  Eq.  (13)  using  the 
values  pg  =  4.6  X  10^  psi,  p'8  =  1.2  X  10*  psi, 
Ds  =  0.042  msec,  =  0.03i  W1/3  msec, 

a  =  0.13  WX/3  ft>  c  =  4.9  ft/msec, 

UVC  =  6.9,  C«/C  =  0.23,  and  or  =  K  =  1 , 
with  W  the  charge  weight  in  pounds,  and  they 
are  compared  with  test  data  from  detonations 
of  various  charge  weights  ranging  from  5.5 
to  10,000  pounds  (5,  6).  The  agreement  be¬ 
tween  the  theoretical  and  test  values  is 
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satisfactory  as  seen  in  Fig.  1. 


Fig.  1.  Water  shock  pressure- time 
history  from  Eq.  (13)  compared  with 
test  data 

As  noted  in  the  Introduction  above,  the  di¬ 
rect  wave  as  appeared  in  the  first  term  in 
Eq.  (13)  has  a  significant  contribution  only  for 
small  q  values,  and  otherwise  the  pressure 
values  are  dominated  by  the  airblast  induced 
term. 

ELASTIC  HALF-SPACE 

Consider  here  an  elastic  lower  half- space 


and  the  shock  field  is  described  by  the  dis¬ 
placement  potentials  <|>  and  4*#  which  are  de¬ 
termined  from  the  wave  equations  with  the 
propagation  velocities  Cq  and  Cs  ,  respec¬ 
tively.  Upper  medium  is  again  assumed 
acoustic;  then  the  formal  solutions  for  4  and 
4 ,  satisfied  by  the  boundary  condition 


a  =0 


azz-P'=°  )  for  z  =  0 ,  r  >  0  (14) 


dV  dV; 

at  at 


with  <rzr  and  crzz  the  stress  components, 
and  having  an  input  source  at  the  origin,  are 
determined  in  a  similar  manner  as  in  the 
previous  case. 


0  =  L'1 


0  =  L“ 


-a.  z 

A  •  J  (ro>)e  cod co 


(15) 


2a, 


2  2  J  ° 
oZ  +  a  ^ 


A  •  J  (rcu)  e  codao 


where 


*,=V<a2  +  (s/cD)2,  a2  =  y,2  +  (S/Cs)2 


1 

r  2c2 

I  .  _ ■  2  j 

r,  _  2a'a^  t  rK 

p  s2 
r  o 

s2 

V  <u2  +  a^J  l 

and  the  smallness  of  the  density  ratio  Po/po 
is  also  utilized  to  simplify  A.  The  source 
functions  k  and  k'  are  related  to  FQ(t)  and 
WQ(t)  as  in  Eq.  (6),  except  for  p  replaced  by 
(TZZ  (c.f.  Eq.  (14)). 

The  formal  solutions  4  ,  4  given  in 
Eq.  ( IS)  are  now  expanded,  as  in  Eq.  (8),  in 
power  series  of  l/z  along  the  axis  r  =  0. 

It  is  convenient  for  this  to  divide  cj>  and  4  in 
two  parts  as 


0=0d  +  <£a’  4  =  d  4  a  (16) 

where  4d  >  4d  are  the  terms  with  k(s)  and 
4a  »  4a  f°r  K’(s)  terms.  Suffixes  d  and  a 
stand  for  “direct”  and  “airblast”  as  in 
Eq.  (7).  Then  we  get 
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J 


-  MEASURED  (M)z-20« 

-  COMPUTED  (u)  z  _0 


-200  J 


i - 1 - - - 1 -  - - 

0  5  10  15  20 

TIME  FROM  DETONATION.  MSEC 


where 


>/ 


W<m>(y)^H(y)  /  (y--/)”'1  Wf,)d, 


F‘m>(y)sH(y)J^(y- Fo(,)d, 


Fig.  2  Comparison  of  calculated  horizontal 
acceleration- time  history  with  test  data  from 
MINE  ORE  Event,  MINE  SHAFT  Series 


The  horizontal  and  vertical  displacements 
u  and  v  are  determined  by 


d  <f>  82iJj 

dr  +  drdz ’ 


d<f>  1  d 
v=  dF‘737 


m  =  1,2,  ... 

subscripts  D,  s  stand  for  t-q/CD, 
t  -  q/Cs  ,  respectively,  substituted  for  the 
variable  y,  and  the  bar  signifies  the  value 
at  r  =  0. 


and  they  become  very  complicated  even  to  the 
simplest  approximation  given  by  Eq.  (18),  but 
are  simplified  at  z  =  0  to 


4>a  »  4>d  »  0a  *  0d  in  Eq.  (16)  are  then 
postulated  as  Eq.  (9)  by  utilizing  elementary 
solutions  of  respective  wave  equations. 


J_  1 
r2  PoCD 


As  a  trial  attempt,  only  their  first  terms 
are  retained  and  are  determined  from  Eq.  (17) 
as 


^ _ ^  °  \y(2)  .  *  ^ _ P°  s  ^ .  \y(3)  .  j_ 

„  r  WD  n'  0  C-  ■  a 


P  oLD 


Po^D 


(18) 


1 _  F(l)-i  ilj  -  2Cs-  F(2)  -  - 

rrD  „•  ^d~  n  C  s  a 


0 


d_p0cD 


P  oUD 


(v). 


r  Po 


-? -  [f  -  C'p'  w(1)l 

CSCD  L  ■  9  J 


(19) 


1  2 
r2  PoCD 


r3Pc 


[f^-C'pX2*] 

[2F<«-CKW«>] 


Input  functions  Fq  and  Wq  appropriate  to 
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ground  shocks  are  found  in  the  form  (7) 


in  Eq.  (12). 


F0(t)  =  (<ra  Y 


(20) 


p;wo(t)  =  Ka.^p^e 


,2 

s 


where  the  parameters  are  all  as  defined 


Horizontal  acceleration  (u)z=q  from  Eq. 
(19)  with  Eq.  (20)  is  compared  with  experi¬ 
mental  data  (8)  from  detonation  of  HE  on  the 
rock  surface.  Only  a  tenth  of  the  charge  ra¬ 
dius  is  in  the  ground  in  this  case,  <**=  0.2  , 
and  the  K  is  the  maximum  value  of  8.  In 
Fig.  2  some  typical  u  data  are  compared 
with  the  computed  values.  These  show  the 
basic  consistency  of  the  theory  with  the  ex¬ 
perimental  data. 
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THE  COMPUTATION  OF  GENERAL  PROBLEMS  IN  ONE  DIMENSIONAL 

UNSTEADY  FLOW  BY  THE  METHOD  OF  CHARACTERISTICS 


B.  D.  Lambourn  and  N.  E.  Hoskin 
Atomic  Weapons  Research  Establishment 
Aldermaston,  Berkshire,  England 


This  paper  describes  the  logical  structure  of  a  general 
purpose  characteristic  code  RICSHAW  which  overcomes  many  of 
the  difficulties  that  have  previously  discouraged  the  use  of 
such  codes.  The  code  has  the  ability  to  consider  multiple 
shocks,  shock  interactions  and  formation  of  shocks  in 
compression  waves  in  any  number  of  regions  using  arbitrary 
equations  of  state.  The  relative  advantages  of 
characteristic  and  finite  difference  schemes  are  discussed 
and  comparisons  are  given  with  calculations  using  a  finite 
difference  mesh  code.  It  is  shown  that  for  similar  usage 
of  computer  time  the  characteristic  code  gives  smoother 
solutions,  with  much  greater  certainty  of  the  position  of 
shocks  and  other  waves,  and  a  physical  insight  into  the 
wave  phenomena  that  occur. 


1.  INTRODUCTION 

The  main  phenomena  occurring  in  one 
dimensional  unsteady  compressible  fluid 
flow  are  controlled  by  waves.  Discon¬ 
tinuities  in  flow  parameters  are  propa¬ 
gated  as  shock  waves  and  discontinuities 
in  derivatives  as  boundaries  of  compres¬ 
sion  or  rarefaction  waves.  Furthermore 
the  number  of  waves  multiplies  because 
each  wave  is  both  transmitted  and 
reflected  at  material  interfaces. 

Finite  difference  mesh  methods  of 
solving  such  problems  avoid  the  diffi¬ 
culties  of  tracking  waves  by  the  addi¬ 
tion  of  pseudo-viscous  terms  to  smear 
shock  discontinuities  and  the  use  of  a 
finite  mesh  size  which  smears  deriva¬ 
tive  discontinuities.  The  approach  is 
very  successful  in  assessing  overall 
behaviour,  can  give  considerable  detail 
at  the  expense  of  increased  computing 
time,  but  suffers  from  a  number  of  dis¬ 
advantages.  These  include  the  poor 
treatment  of  reflected  rarefactions  in 
shock/ interface  interactions,  the  fre¬ 
quent  presence  of  small  oscillations  on 
the  solution  and  perhaps  most  important, 
the  loss  of  the  essential  physics  of 
wave  motion. 

In  this  paper  we  describe  a  general 
ID  code  which  uses  the  more  fundamental 


method  of  characteristics.  Shocks  and 
their  interactions  are  treated  explicit¬ 
ly,  and  discontinuities  in  derivatives 
are  automatically  tracked  since  they 
propagate  along  characteristics.  Charac¬ 
teristic  methods  are  well  known  but  pre¬ 
viously  have  only  been  used  to  solve 
specific  problems  with  few  shocks,  e.g. 
[l-6]  ,  since  the  logical  complexity 
increases  severely  with  the  number  of 
waves.  The  new  code,  RICSHAW,  has  a 
logical  structure  (section  2)  which  ex¬ 
tends  the  method  to  track  multiple  shocks 
in  a  number  of  materials.  The  results  of 
RICSHAW  and  mesh  calculations  are  com¬ 
pared  in  section  3,  and  the  two  methods 
contrasted  in  section  4. 

2.  THE  STRUCTURE  OF  RICSHAW 

2.1  General 

The  equations  of  motion  of  ID 
unsteady  flow  in  characteristic  form  may 


be 

written 

dp 

+  pc  du 

+ 

2 

a  puc  dt/R  = 

0 

on  da  = 

+ 

pc  Ra  dt 

(1) 

dp 

-  pc  du 

+ 

2 

a  puc  dt/R  = 

0 

o.n  da  = 

-pc  Ra  dt 

(2) 

de 

+  pdv  = 

0 

on  da/dt  =  0 

(3) 

385 


Lambourn  and  Hoskin 


Along  the  shock  wave  BJ 
Across  the  shock  at  J 


Equation  of  state  at  J 


Known  constant  conditions 

p  ,  v  ,  e  :  u  =  0 

*o 5  o  ’  o  o 

Unknowns ,  t j ,  a^ ,  Rj ,  u^  , 


ahead  of  shock 

V  pj*  vj>  ej 


pj 

aj 

rj 

dj 


-  PA  +  PC(UJ’UA)  +  a(£^£-)  (tJ_tA) 

-  aA  =  pcRa  (tj-tA) 

-  Ra  =  u  +  c  (tj-tA) 

-  dj,  =  p(W-u)Ra  (tj-tg) 

UJ2  =  <Pj“P0>  (vo"vJ) 

WJ2  =  (Pj’Po)vo2/(vo"vJ> 

eJ  =  eo  +  ^Pj^o5  <Vo"VJ) 

Pj  =  P(Pj»®j> 


0 


Figure  1.  The  equations  for  solving  for  conditions  at  J,  the 

intersection  of  a  positive  characteristic  AJ  and  a  simple  shock  BJ 


where  t,  R,  p,  p,  v,  e,  u,  c  are  time, 
Eulerian  coordinate,  pressure,  density, 
specific  volume,  specific  internal  ener¬ 
gy,  particle  velocity  and  velocity  of 
sound  respectively;  a  =  0,  1,  2,  for 
plane ,  cylindrical  and  spherical  geometry 
and  a  is  a  Lagrangian  mass  coordinate 
defined  by 

da  =  p  Ra  (dR  -  udt)  (4) 

Equations  (1)  to  (4)  together  with  an 
equation  of  state  of  the  form 

p  =  p(p,e)  (5) 

are  sufficient  to  solve  for  the  flow  away 
from  shocks.  Shocks  are  treated  as  dis¬ 
continuities  across  which  the  Rankine- 
Hugoniot  conservation  relations  hold. 

The  numerical  solution  of  (1)  to  (3) 


is  performed  by  replacing  the  total  dif¬ 
ferentials  by  differences  and  the  coef¬ 
ficients  (pc  etc.)  by  averages.  Figure  1 
shows  a  typical  configuration  for  deter¬ 
mining  the  solution  at  the  intersection 
of  a  positive  characteristic  AJ  and  a 
shock  BJ  moving  into  constant  conditions. 
Conditions  are  assumed  known  at  A  and  B 
and  the  solution  is  required  at  J.  The 
equations  are  solved  by  iteration. 

In  a  characteristic  code  the  solu¬ 
tion  is  determined  at  the  intersection 
points  of  two  families  of  discrete 
positive  and  negative  characteristics, 
and  also  at  the  intersections  of  charac¬ 
teristics  with  shocks,  interfaces  and 
boundaries.  Thus  there  are  four  main 
types  of  mesh  point,  each  being  split 
into  several  cases  requiring  slightly 
different  computational  or  logical 
procedure . 
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A  typical  characteristic  mesh  gener¬ 
ated  by  RICSHAW  is  shown  in  Figure  2  in 
the  space  defined  by  time  (t)  and  Lagran- 
gian  coordinate  (a).  The  simple  shock 
points  (type  3)  are  calculated  normally 
at  equal  intervals  in  a,  while  the  nega¬ 
tive  characteristics  (i.e.  left  facing  in 
Figure  2)  are  generated  either  at  the 
simple  shock  points  or  in  rarefactions 
created  at  interactions.  An  example  of 
this  is  illustrated  in  Figure  2  when  the 
simple  shock  reaches  the  interface  between 
the  second  and  third  materials.  Positive 
characteristics  are  mainly  generated  by 
reflection  of  negative  characteristics  at 
an  interface  (or  of  course  created  in  any 
right  facing  rarefactions  which  may  arise 
at  interactions).  Characteristics  of 
either  type  may  be  terminated  within  the 
mesh.  The  complex  shock  created  at  the 
interface  between  the  first  and  second 
materials  is  clearly  seen  to  be  super¬ 
sonic  relative  to  the  flow  ahead  so  that 
the  points  labelled  (2)  in  the  previously 
calculated  flow  are  made  redundant  by  the 
calculation  of  the  shock  points  (type  4) 
at  the  intersection  of  the  shock  and  mem¬ 
bers  of  the  opposite  family  of 
characteristics . 


The  logic  of  a  general  purpose  char¬ 
acteristic  code  must  satisfy  four  con¬ 
ditions 

(i)  Addition  and  removal  of  points 
and  characteristics  must  be 
simple . 

(ii)  Multiple  shocks  in  multiple 
regions  must  be  allowed  for. 

(iii)  Conditions  ahead  of  a  shock 

must  be  calculated  in  advance, 

(iv)  All  possible  types  of  interac¬ 
tion  must  be  solved  in  the 
correct  time  sequence. 

In  RICSHAW  (i)  is  overcome  by  extending 
the  concept  of  neighbours  [2J  ,  and  (ii) 
to  (iv)  by  building  the  mesh  up  to  zig¬ 
zag  about  constant  time  lines,  by  coping 
with  multiple  shocks  as  a  series  of 
single  shocks  by  building  mesh  hills 
ahead  of  each  shock  and  having  a  compre¬ 
hensive  interaction  routine. 

2.2  Neighbours 

Each  point  is  identified  by  being 
numbered  in  the  order  of  computation  (e.g. 
12  in  Figure  3)  and  is  logically  associ- 
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Figure  3  Updating  from  t  to  t  +  fit  a  zigzag  bounded  by  a  shock 
— “  to  the  left  and  a  piston  to  the  right 


Figure  4  A  hill  constructed  on  the  zigzag  of  Figure  3  showing 
the  sequence  of  calculation 


ated  with  its  four  neighbours  (5,  14,  13 
and  3).  The  point-numbers  of  these 
neighbours  are  stored  as  part  of  the  sol¬ 
ution  of  each  point.  Examination  of  these 
point-numbers,  determining  the  presence 
or  absence  of  neighbours,  enables  chains 
of  connected  points  to  be  tracked  through 
the  mesh.  In  this  way  it  is  easy,  for 
example ,  to  determine  the  current  chain 
of  points  (a  zig-zag)  along  the  top  of  the 
mesh  in  Figure  3.  Points  may  easily  be 
inserted  or  discarded  by  simple  adjust¬ 
ments  of  the  stores  containing  the  point- 
numbers  of  neighbours. 

2.3  Zig-Zags 

Characteristic  points  cannot  all  be 
built  up  to  the  same  time  without  losing 
many  of  the  advantages  of  the  method. 
Instead  the  mesh  is  built  up  until  the 
latest  points  zig-zag  about  a  constant 
time,  which  is  increased  in  equal  time 
steps.  The  basic  requirements  for  a  zig¬ 
zag  to  have  been  properly  updated  are  that 

(i)  the  latest  shock,  interface  and 
boundary  points  must  be  above 
the  current  time 

(ii)  any  ordinary  point  below  the 
current  time  must  have  two 
neighbours  above  the  time. 

Figure  3  shows  a  zig-zag  consisting 


of  the  points  1,  4,  3,  2,  5,  7,  6,  8,  9 
at  time  t,  which  has  been  correctly  up¬ 
dated  to  the  points  10,  11,  4,  13,  12,  14, 
16,  15,  17,  18  at  the  new  current  time 
t  +  fit.  The  zig-zag  is  updated  from  the 
left,  one  negative  characteristic  at  a 
time.  Thus  after  the  shock  10  and  its 
associated  ordinary  point  11  have  been 
calculated  the  points  4,3,2  are  exam¬ 
ined  in  turn  until  a  point  2  is  found 
having  a  right  neighbour  on  a  positive 
characteristic.  Then  ordinary  points  12 
and  13  are  calculated  until  a  point  4  is 
found  on  the  negative  characteristic 
which  satisfies  rule  (ii). 

2.4  Interactions  and  hills 

An  interaction  occurs  when  a  shock 
meets  an  interface  or  another  shock,  when 
two  surfaces  collide  or  when  like  charac¬ 
teristics  run  together  and  a  shock  is 
formed.  The  interaction  is  in  two  stages 
(1)  conditions  are  calculated  at  the 
instant  immediately  after  the  interaction 
determining  the  nature  of  the  reflected 
wave  and  ensuring  that  pressure  and  parti 
cle  velocity  are  continuous  across  the 
interface;  (2)  conditions  are  calculated 
on  the  transmitted  shock,  reflected  wave 
and  interface  one  mesh  distant  from  the 
interaction.  Figures  5(a)-(b)  show  the 
configurations  for  a  reflected  shock  and 
rarefaction . 
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(a)  reflected  shock 


(b)  reflected  rarefaction 


Figure  5 .  Local  configuration  after  a  shock-interface  interaction 


y'  hill  is  l  uilt  up  until  its  peal  1 U  r. 
or.  the  explocive-rotal  1  interface. 

The  interaction  is  cnr;»uto'. 


t  new  zipxag  is  forced  between  the  two 
shocks  resulting  fror  the  interaction. 
The  solution  continues  until  the 
transmitted  shock  "nets  the  next 
interface  l etveen  retal  1-retal  ?. 


A  hill  is  constructed  with  its  j  cal  or. 
the  left  boundary.  The  interaction  is 
corputed . 


The  solution  is  in  the  forr  of  a  single 
zigzag  when  the  shock  hits  the  explosive- 
retal  1  interface,  and  the  need  for  an 
interaction  is  recognised. 


Figure  6 . 


Construction  of  the  solution  by  hills  and  zigzags 
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To  solve  for  conditions  at  a  shock 
point  it  is  necessary  to  know  the  flow 
ahead  of  it.  This  could  be  computed  at 
the  same  time  as  the  shock  point  but  this 
procedure  has  many  practical  difficulties 
and  limitations.  Instead,  before  the 
interation  calculation,  "hills”  of  the 
characteristic  mesh  are  constructed 
ahead  of  each  potential  shock.  Condi¬ 
tions  ahead  of  each  shock  point  as  the 
shock  passes  through  the  hill  (as  it 
must  do  because  of  the  supersonic  shock 
velocity)  are  then  obtained  by  inter¬ 
polation.  Such  a  hill  is  shown  in 
Figure  4  built  on  top  of  the  zig-zag  of 
Figure  3.  A  hill  is  built  one  charac¬ 
teristic  at  a  time  until,  if  possible, 
its  peak  has  passed  the  next  interface; 
for  then  it  must  contain  the  next  inter¬ 
action  . 

2.5  General  calculational  procedure 

The  calculation  usually  starts  with 
an  interaction  (e.g.  detonation  of  an 
explosive)  in  which  a  simple  shock  is 
produced.  The  mesh  is  constructed  in  a 
single  expanding  zig-zag  until  an  inter¬ 
action  is  detected.  The  zig-zag  calcula¬ 
tion  is  then  temporarily  suspended  to 
build  a  hill  and  to  do  the  interaction 
calculation.  Afterwards  the  zig-zag 
procedure  is  continued.  Since  hills  are 
built  over  a  zig-zag  the  zig-zag  may  be 
split,  so  that  the  number  of  zig-zags 
increase  with  time.  Conversely  two  zig¬ 
zags  may  be  built  up  on  two  opposite 
sides  of  a  hill  and  swamp  it,  coalescing 
into  one  zig-zag.  The  general  mesh  in 
RTCSHAW  therefore  consists  of  a  number 
of  zig-zags,  whose  ends  may  be  shocks, 
boundaries  or  hill  edges,  separated  by 
hills.  Figure  6  shows  how  a  sequence  of 
zig-zags  and  hills  is  constructed. 

Both  characteristics  and  shocks  are 
multiplied  by  repeated  interactions.  To 
keep  the  number  of  points  to  a  minimum, 
shocks  can  be  discarded  if  they  become 
very  weak,  and  characteristics  are  dis¬ 
carded  if  they  are  too  close  together  and 
carry  too  little  difference  in  pressure. 

It  is  also  necessary  to  erase  unwanted 
points  when  the  storage  becomes  full. 
Erasure  can  be  done  most  easily  by  can¬ 
celling  the  neighbour  connections  of  the 
unwanted  points  and  making  point  numbers 
and  storage  available  for  further  use. 

3.  A  TYPICAL  CALCULATION 

We  consider  the  multiple  shocks  in  a 
slab  of  polyethylene  driven  by  an  explo¬ 
sive  through  a  tnin  stainless  steel  plate. 
Wright  et  al  [5]  describe  the  experiment 
and  show  that  reasonable  agreement  was 
obtained  between  calculation  and  the 
experimental  results.  Figure  7  is  a 


wave  diagram  for  the  problem  in  which  are 
plotted  shocks  (x),  interfaces  (  +  )  and 
wave  boundaries  ( • ) . 

The  reverberations  in  the  stainless 
steel  drive  a  succession  of  compression 
waves  into  the  polyethylene  each  of  which 
ultimately  steepens  into  a  shock.  The 
first  of  these  shocks  catches  up  the  pri¬ 
mary  shock  in  the  polyethylene  and  stren¬ 
gthens  it  -  the  determination  of  this 
time  of  "catch-up"  is  an  essential  part 
of  the  experiment  (and  calculation). 

Figure  8  shows  as  a  full  line  a  pro¬ 
file  of  pressure  against  distance  through 
the  three  materials,  at  the  time  indica¬ 
ted  in  Figure  7 .  The  various  shocks  and 
waves  are  clearly  seen  and  may  be  easily 
identified  with  the  consequences  of  the 
several  interactions  shown  in  Figure  7. 
Wave  1  is  the  simple  shock  in  the  poly¬ 
ethylene  which  has  however  been  streng¬ 
thened  by  an  earlier  catch-up  of  a  shock 
formed  from  the  first  reverberation  in 
the  steel.  This  catch-up  generated  the 
weak  rarefaction  labelled  2  and  the  con¬ 
tact  discontinuity  indicated  between  1 
and  2.  This  contact  surface  is  of  course 
not  a  discontinuity  of  pressure  but  of 
density  and  energy.  Wave  3  has  come  from 
the  second  reverberation  in  the  steel  and 
has  already  formed  a  shock  on  its  leading 
edge.  Wave  4  is  the  third  reverberation 
in  the  steel  and  is  still  a  compression 
wave.  Waves  5,  6  and  7  are  rarefactions 
transmitted  backwards  into  the  detonation 
products  by  (respectively)  the  third, 
second  and  first  reverberations  in  the 
steel . 

The  dotted  line  in  figure  8  is  the 
same  profile  calculated  by  a  mesh  code. 
This  calculation  used  470  points  and  took 
three  times  as  long  as  the  characteristic 
calculation  (15  minutes  instead  of  5). 

It  will  be  seen  that  there  is  a  larger 
uncertainty  in  the  shock  positions  and 
strengths.  Smoother  profiles  can  be 
obtained  by  using  different  artificial 
viscosities,  but  at  the  expense  of  fur¬ 
ther  shock  broadening  and  a  correspond¬ 
ing  increase  in  uncertainty. 

The  need  for  the  large  number  of 
meshes  used  in  the  mesh  code  calculation 
arises  because  the  problem  includes  a 
thin  steel  plate  sandwiched  between  two 
much  thicker  materials.  To  obtain  even 
the  relatively  poor  resolution  shown  in 
the  profile  for  the  compression  wave  in 
the  steel,  it  was  necessary  to  have 
20  mesh  points  in  the  steel.  To  pre¬ 
serve  optimum  mesh  ratios  across  inter¬ 
faces  into  the  explosive  and  polyethy¬ 
lene,  it  was  then  necessary  to  use  over 
200  meshes  in  each  of  these  regions. 
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Figure  7.  Wave  diagram  showing  shocks, 

interfaces  and  wave  boundaries 


Figure  8.  Comparison  between  solutions 

obtained  by  characteristics  and 
mesh  codes  at  time  00'  of  Figure  7 
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4.  COMPARISON  OF  CHARACTERISTIC  AND 

MESH  CODES 

The  respective  advantages  and  dis¬ 
advantages  of  mesh  codes  and  character¬ 
istic  codes  are  summarised  in  Table  1. 
The  main  advantage  of  a  mesh  code  is  the 
simplicity  of  the  programming  logic. 
There  are  two  reasons  for  the  logic  of 
a  characteristic  code  being  complicated. 
Firstly  various  types  of  decisions  need 
to  be  made  to  determine  the  next  charac¬ 
teristic  point  to  be  calculated,  and 
secondly  there  are  a  large  number  of 
possible  cases  for  characteristic 
point  and  interaction  calculations, 
each  of  which  must  be  allowed  for. 

The  main  advantage  of  the  charac¬ 
teristic  method  is  that  since  shocks  and 
other  discontinuities  are  followed 
explicitly,  the  characteristic  mesh  can 
be  optimised  in  space  and  time  -  fine  in 
regions  of  rapidly  varying  conditions 


and  coarse  in  regions  where  conditions 
vary  only  slowly.  Thus  in  figure  2  the 
mesh  is  fine  inside  the  rarefaction  and 
compression  which  are  of  course  bounded 
by  characteristics  and  coarse  away  from 
it  where  conditions  are  varying  much 
less  rapidly.  A  mesh  code  on  the  other 
hand  has  meshes  which  are  generally 
rectangular  blocks  and  which  do  not 
adjust  in  size  inside  waves.  Mesh  codes 
therefore  tend  to  lose  detail  in  the 
formation  of  shocks  and  rarefactions  at 
interactions . 

The  general  conclusion  is  that 
given  the  availability  of  both  mesh  and 
characteristic  codes,  one  would  use  a 
mesh  code  for  long  time  problems  where 
the  ultimate  state  of  the  materials  is 
required  but  not  the  details  leading  to 
that  state,  and  a  characteristic  code 
for  short  time  problems  where  an  under¬ 
standing  of  detailed  wave  motion  is 
required . 


TABLE  1 


Property 

Mesh  Code 

Characteristic  Code 

Advantages  of  a  Mesh  Code 

1. 

Logic 

Simple 

Complicated 

2. 

Increase  in  difficulty  due  to 
multiple  materials  and 
variety  of  problems  (e.g. 
shock  formation) 

Little 

Great 

3. 

Constant  time  profiles 

Given  continuously 

Need  interpolation 

4. 

Probability  of  a  new  problem 
running  at  first  attempt 

Good 

Fair 

Advantages  of  a  Characteristic  Code 

1. 

Treatment  of  discontinuities 
and  their  interactions 

Smeared,  uncertainty 
in  position 

Treated  explicitly 

2. 

Profiles 

Noisy 

Smooth  between 
discontinuities 

3. 

Details  of  solution 

Poorly  defined 

Good 

4. 

Time  step 

Usually  determined 
by  stability  of 
smallest  mesh 

Variable  in  space 
and  time 

5. 

Number  of  meshes  within  a 
material 

Usually  fixed.  Need 
a  minimum  to  let 
shocks  form  properly 

Varied  during  a 
problem  to  give 
detail  where  needed 

6. 

Utilization  of  a  computer 

Poor  -  many  meshes 
required  for 
accuracy 

Optimum 
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SHOCKED  STATES  OF  FOUR  OVERDRIVEN  EXPLOSIVES 


J.  H.  Kineke,  Jr.,  and  C.  E.  West,  Jr. 
USA  Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Shock  propagation  observations  have  been  made  for  four  explosives  at  shock 
pressures  greater  than  the  detonation  pressure.  The  transmission  of  steady- 
state  shock  waves  with  pressures  up  to  six  times  the  detonation  pressure 
in  76/24  Baratol  and  three  times  the  detonation  pressure  in  cast  TNT,  Compo¬ 
sition  B,  and  PB-HMX-9404  was  observed  with  a  rotating  mirror  streak  camera. 
Specimen  discs  were  shocked  by  the  impact  of  molybdenum  plates  accelerated 
by  explosive  plane  wave  generators.  For  each  explosive,  a  linear  relation 
between  shock  propagation  rate  and  material  velocity  in  the  shock  front  was 
found,  which  extrapolated  to  pressures  in  excess  of  observed  C-J  pressures. 
Comparison  is  made  with  Skidmore  and  Hart's  description  of  overdriven  states. 


INTRODUCTION 

When  an  explosive  is  subjected  to  shock 
pressures  in  excess  of  the  Chapman-Jouguet 
pressure,  a  transient  condition  described  as 
overdriven  detonation  results.  The  impact  of 
a  flying  plate  of  molybdenum  at  moderately  high 
velocity  on  a  buffer  plate  of  the  same  material 
will  generate  a  strong  shock  wave  in  the  buffer 
plate.  The  impingement  of  this  strong  shock 
on  the  interface  between  the  buffer  and  an 
explosive  specimen  can  produce  the  severe  condi¬ 
tions  necessary  for  the  generation  in  the 
explosive  of  a  shock  whose  propagation  rate 
and  pressure  are  initially  in  excess  of  those 
characteristic  of  the  C-J  state.  By  measure¬ 
ment  of  the  initial  propagation  rate  of  the 
overdriven  shock  and  the  state  of  the  buffer 
material,  together  with  the  known  properties 
of  the  buffer,  the  pressure  and  density  initi¬ 
ally  reached  in  the  explosive  can  be  calculated. 

DESCRIPTION  OF  EXPERIMENTS 

In  the  course  of  an  experiment  a  plane 
flat-topped  shock  wave  is  generated  in  a  moly¬ 
bdenum  buffer  plate  by  the  impact  of  a  moly¬ 
bdenum  flyer  plate,  accelerated  by  an  explosive 
plane  wave  lens  and  explosive  disc  across  an 
air  gap.  The  conceptual  plan  for  the  experi¬ 
ments  is  shown  in  Fig.  1.  The  state  of  the 
shocked  buffer  material  is  (P-|,u,)  on  the  known 
shock  Hugoniot  of  molybdenum.  When  the  shock 
reaches  the  surface  of  the  buffer,  an  adiabatic 
expansion  takes  place.  That  area  of  the  buffer 
not  impeded  by  a  specimen  suffers  a  drop  to 
zero  pressure,  and  will  be  accelerated  to  the 
particle  velocity  at  the  foot  of  the  adiabat, 


V~  .  That  area  of  the  buffer  over  which  lies 
arrexplosive  specimen  will  drop  to  some  inter¬ 
mediate  state  (P2,u2).  Meanwhile,  a  shock  is 
produced  in  the  explosive  specimen,  which, 
because  pressure  and  material  velocity  must  be 
continuous  at  the  interface,  is  characterized 
by  the  same  state  ^jUo).  An  auxiliary 
experiment,  to  be  reported  later,  was  used  to 
demonstrate  that  the  expansion  adiabat  of 
molybdenum,  used  for  the  buffer  plate,  in  the 


Fig.  1  -  Conceptual  plan  for  experiments. 
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pressure  range  up  to  2.0  megabars,  can  be 
approximated  by  the  reflection  of  the  shock 
Hugoniot  about  the  point  (P,  ,u,).  Then  Vf  , 
which  is  measured  directly,  is  2u,.  An 
amalgam  of  shock  velocity  U.  -  material  velo¬ 
city  u  data  for  Mo  (1),  (2;,  (3),  yielded  the 
relation: 


where  c  =  0.5143  cm/ysec  and  S  =  1.2547.  Then 
the  expansion  adiabat  from  a  particular  state 
of  Mo  can  be  written: 

PA  ■  -MO  t-0  *  S  (,fs  •  VI(VfS  •  V  (2) 

The  pressure  of  the  transmitted  shock  in 
the  explosive  specimen  is: 

P  = 

where  phe  is  the  unshocked  density  of  the  ex- 
plosivehand  U  is  the  shock  propagation  rate 
in  the  specimen  at  the  interface  between  the 
buffer  and  the  specimen.  Equating  eqs.  (2) 
and  (3)  at  the  point  (P-.uJ,  and  solving  for 
U£»  which  hereafter  is  referred  to  as  Up: 

Up  =  [l-n2-m)*aa/2  pMo  S  (4) 

where:  1  =  phe  Us  +  pMq  (co  *  2  S  Vfe) 

and:  m  =  4  pMq2  S  Vf$  (cQ  +  S  Vf$). 

The  pressure  and  density  ratio  in  the  shock 
front  are  then  calculated,  using  U  and  U  and 
the  continuity  of  mass  and  momentum  relations. 

Polished  specimens  of  explosive,  mounted 
on  the  surface  of  the  buffer,  were  observed 
with  a  rotating  mirror  streak  camera,  writing 
at  15  mn/ysec,  to  measure  the  transit  time. 
Specimens,  generally  four  per  shot,  ranged 
in  thickness  from  .05  cm  t£  .2  cm,  the  thick¬ 
ness  and  flatness  held  to  -  .0002  cm  over  the 
.625  cm  diameter. 

Instantaneous  velocity  as  a  function  of 
distance  from  the  buffer-specimen  interface 
could  be  obtained  by  numerical  differentiation 
of  the  specimen  thickness-transit  time  data  and 
extrapolated  to  the  buffer-specimen  interface. 
The  doubtfulness  of  extrapolated  differentiated 
data  was  avoided  because  of  the  observed  con¬ 
stancy  of  average  shock  velocity.  In  Fig.  2, 
for  four  typical  experiments,  measured  average 
shock  velocity  is  plotted  as  a  function  of 
specimen  thickness.  In  every  case  where  read¬ 
able  data  could  be  obtained  from  more  than  one 
explosive  specimen,  the  same  result  was  ob¬ 
tained,  that  is,  the  average  shock  velocity, 
within  experimental  accuracy,  appeared  to  be 
constant  initially  for  a  given  experiment. 

Thus,  it  could  be  concluded  that  a  steady-state 
shock,  uninfluenced  by  a  rarefaction  from  the 


rear  of  the  flyer  had,  in  fact,  been  observed. 
Therefore,  extrapolation  of  shock  velocity  to 
the  interface  between  specimen  and  buffer 
(x  =  0)  consisted  merely  of  determining  the 
weighted  average  of  several  observations. 
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9404- RD  NO  7949 
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0.7 


BARATOL-RD  NO  7935 


J - 1 _ i _ i 

0.1  0.2  CM 
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Fig.  2  -  Representative  observations  of  shock 
velocity  as  a  function  of  specimen  thickness. 
Vertical  bars  indicate  uncertainty  in  each 
measurement.  Limits  of  uncertainty  of  weighted 
means  are  defined  by  the  dashed  lines. 
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TABLE  1 

Shock  States-76/24  Baratol 


TABLE  3 

Shock  States-Composition  B 


Rd 

Vfs 

Us 

up 

p0/p 

P 

cm/ysec 

cm/ysec 

cm/ysec 

Mbar 

7940 

.252±  001 

.580;. 006 

.200 

.655 

.301 

8168 

. 252 J . 001 

.583;. 010 

.201 

.655 

.303 

7935 

.259^.003 

. 584^.005 

.206 

.647 

.312 

8169 

.263^.001 

. 593^.007 

.  209 

.647 

.321 

8170 

.269^.001 

.600^.008 

.213 

.644 

.331 

8238 

.287^.001 

. 609^.009 

.227 

.627 

.358 

8239 

.299^.001 

.623^.007 

.236 

.621 

.380 

7934 

. 308^.003 

. 641 J. 006 

.242 

.623 

.401 

7933 

. 332^.003 

. 668^.009 

.259 

.612 

.450 

7941 

. 353^.004 

. 678^.007 

.275 

.594 

.482 

8179 

. 362^.002 

.685^.007 

.282 

.588 

.499 

8025 

. 397^.004 

. 729^.011 

.307 

.579 

.579 

8027 

. 404^.003 

. 735^.012 

.312 

.576 

.595 

7962 

.412^.004 

. 736^.009 

.317 

.568 

.606 

8024 

.422^.002 

. 737^.014 

.326 

.558 

.621 

7733 

. 430^.006 

. 755^.008 

.331 

.562 

.643 

7  930 

.458^.003 

. 780^.010 

.351 

.551 

.707 

7931 

. 488^.005 

. 799^.009 

.373 

.534 

.770 

7929 

. 489^.007 

. 806^.010 

.373 

.538 

.780 

8171 

.512^.002 

. 829^.010 

.390 

.530 

.835 

8172 

.516^.002 

.832^.010 

.393 

.528 

.844 

8180 

. 51 7^.002 

.838^.007 

.392 

.532 

.851 

7717 

. 51 9^.002 

. 846^.01 9 

.394 

.534 

.859 

8181 

. 522^.003 

.850^.014 

.396 

.534 

.869 

8182 

.592-. 005 

.892-. 010 

.446 

.500 

1.030 

TABLE  2 

Shock  States-Cast  TNT 


Rd 

Vfs 

Us 

up 

p0/p 

P 

cm/y  sec 

cm/usec 

cm/ysec 

Mbar 

8259 

.327^.001 

. 716^.006 
. 738^.007 

.274 

.617 

.312 

8026 

. 347^.001 

.290 

.607 

.339 

8006 

. 376^.002 

. 759^.006 

.313 

.588 

.378 

8008 

. 391 j. 004 

. 785^.010 

.324 

.587 

.405 

8347 

. 402^.001 

.78U.008 

.334 

.572 

.414 

8356 

.418^.002 

. 788^.009 

.347 

.560 

.434 

8260 

.42U.002 

. 799^.007 

.349 

.563 

.443 

8261 

. 438^.002 

. 806^.008 

.363 

.550 

.464 

8262 

.45U.002 

.81 7^.007 

.373 

.543 

.483 

8009 

.452^.003 

.823^.012 

.373 

.546 

.489 

8013 

. 454^.003 

.820^.011 

.376 

.542 

.491 

8264 

.468^.005 

.83U.008 

.387 

.535 

.510 

8263 

. 473^.002 

. 833^.008 

.391 

.531 

.517 

8266 

.499^.003 

.853^.009 

.412 

.517 

.557 

8265 

. 51 5^.003 

.873^.01 1 

.423 

.515 

.586 

8331 

. 528^.003 

.886^.010 

.433 

.511 

.609 

8014 

. 534^.003 

. 905^.015 

.437 

.517 

.628 

8338 

.537-. 002 

.899-. 009 

.439 

.511 

.628 

Average  shock  velocities  for  each  experi¬ 
ment  were  calculated  by  weighting  each  observa¬ 
tion  inversely  with  its  uncertainty  .  Thus: 

U  =  l  [Usi/(a.  I  1/a.)],  (5) 

j=l  J 

where  n  is  the  number  of  readable  specimens. 
Uncertainties  in  U$  were  between  0.7%  and  2.4%. 


Rd 

Vfs 

Us 

UP 

Q. 

O 

Q. 

P 

cm/ysec 

cm/ysec 

cm/ysec 

Mbar 

8359 

.331^.002 

.  81 4^  .017 
.818^.007 

.269 

.669 

.368 

8243 

. 344^.002 

.280 

.657 

.385 

7996 

. 369 J . 001 

.839^.008 

.300 

.643 

.423 

7997 

.39U.002 

. 855 J .010 

.317 

.629 

.455 

7990 

. 395^.002 

. 864 J .013 

.320 

.629 

.463 

8244 

.400^.002 

.857^.007 

.324 

.622 

.467 

8247 

.402^.002 

.858^.008 

.326 

.620 

.470 

8245 

.408^.001 

.870^.009 

.330 

.621 

.482 

8246 

.432^.002 

. 889 J .016 

.349 

.608 

.518 

7989 

.449^.002 

.904^.012 

.362 

.599 

.549 

8248 

.45U.003 

.892^.01 3 

.364 

.592 

.546 

7998 

.455^.003 

.90U.012 

.367 

.592 

.555 

7999 

.483^.004 

. 922^.01 3 

.390 

.577 

.604 

8249 

. 501 J. 002 

. 942^.010 

.403 

.573 

.636 

7988 

. 506^.003 

. 947^.016 

.407 

.571 

.644 

8357 

.525^.005 

. 960^.017 

.422 

.561 

.679 

8358 

.534^.003 

. 963 J .014 

.428 

.555 

.693 

7991 

.554-. 003 

.993-. 01 5 

.443 

.554 

.739 

TABLE  4 

Shock  States-PB-HMX-9404 


Rd 

Vfs 

Us 

> 

p0/p 

P 

cm/ysec 

cm/ysec 

cm/ysec 

Mbar 

8109 

.334t.002 

.901 j. 011 

.263 

.708 

.435 

7952 

.350^.002 

.907^.012 

.277 

.696 

.460 

8110 

.355^.002 

.912j.01C 

.279 

.694 

.470 

7951 

.361 j. 001 

.917^.008 

.284 

.690 

.480 

7950 

.39U.002 

.931 014 

.308 

.669 

.527 

7834 

. 397^.003 

.924^.018 

.312 

.662 

.532 

8113 

.412^.002 

.94U.008 

.324 

.656 

.562 

7949 

.41 3^.002 

. 942 J .014 

.325 

.655 

.563 

8112 

.429^.002 

.949^.013 

.337 

.645 

.589 

7835 

.429^.002 

.943^.021 

.337 

.642 

.587 

7943 

.445^.003 

.970^.01 3 

.349 

.640 

.623 

7942 

.464^.002 

.983^.015 

.363 

.630 

.658 

8116 

.479^.002 

.98U.012 

.375 

.617 

.678 

8117 

.480^.002 

.978^.01 1 

.376 

.615 

.678 

8234 

.492^.002 

. 989^.007 

.386 

.610 

.699 

8233 

.499^.003 

.996^.009 

.391 

.607 

.711 

8135 

. 503^.003 

. 998^.01 1 

.394 

.606 

.723 

8131 

. 507^.002 

1 . 001 x • 01 3 

.397 

.603 

.732 

8236 

. 553^.003 

1.019^.012 

.432 

.576 

.813 

7855 

. 559^.006 

1.023^.024 

.436 

.573 

.823 

8137 

.578-. 003 

1 .036-. 011 

.452 

.563 

.863 

RESULTS 


The  measured  shock  velocities  in  the  speci 
mens  and  the  measured  free  surface  velocities 
of  the  buffer  plates  are  tabulated,  with  their 
uncertainties,  in  Tables  1-4.  Mean  calculated 
material  velocities,  density  ratios,  and  pres¬ 
sures  are  also  shown,  with  the  uncertainties 
having  been  suppressed,  but  readily  obtainable 
from  U$  and  V^$. 

Shock  velocity  as  a  function  of  material 
velocity  is  plotted  in  Figs.  3  and  4,  together 
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0.1  0.2  0.3  0  4  CM/uSEC 

Up 

Fig.  3  -  Shock  velocity  -  material  velocity  data  for  Composition  B  and  76/24  Baratol 
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Fig.  4  -  Shock  velocity  -  material  velocity  data  for  PB-HMX-9404  and  cast  TNT 


with  C-J  points  determined  by  Jameson  (4),  (5). 
Also  plotted  are  four  points  for  Composition  B, 
determined  by  Skidmore  and  Hart  (6).  Since 
each  of  the  four  sets  of  data  seem  reasonably 
well  described  by  a  straight  line,  each  point 
was  weighted  inversely  as  the  product  of  its 
horizontal  and  (almost)  vertical  uncertainties, 
and  each  set  fitted  to  an  equation  of  the  form: 

Us  =  a  +  b  Up  (6) 

The  coefficients  a  and  b  are  tabulated  in  Table 
5.  Each  straight  line  has  been  extrapolated 
to  the  C-J  propagation  rate,  with  similar  re¬ 
sults.  In  each  case,  the  extrapolation  yielded 


a  material  velocity  in  excess  of  that  for  the 
C-J  state,  by  14%  for  Baratol ,  to  36%  for  TNT. 

Pressures  and  density  ratios,  calculated 
with  eq.  (4)  and  the  continuity  relations,  were 
weighted  and  fitted  to  second  degree  polynomials 
of  the  form: 

P  =  c  +  d  (pq/p)  +  e  (pQ/p)2  (7) 

The  coefficients  are  listed  in  Table  5  and  the 
fitted  curves  shown  in  Fig.  5.  Any  statement 
concerning  extrapolation  of  the  data  through 
the  C-J  point  in  this  plane  becomes  highly 
ambiguous. 
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TABLE  5 

Empirical  Coefficients 


Explosive 

po 

a 

b 

c 

d 

e 

Range 

gm/cm3 

cm/visec 

Mbar 

Mbar 

Mbar 

Mbar 

76/24  Baratol 

2. 587-. 010 

.3159 

1.3198 

9.799 

-27.103 

19.242 

.30  <  P  <  1.03 

Cast  TNT 

1.588^.003 

.4313 

1.0442 

5.183 

-14.149 

10.150 

.31  <  P  <  .63 

Composition  B 

1 . 678-. 006 

.5357 

1.0047 

6.653 

-17.140 

11.576 

.36  <  P  <  .74 

PB-HMX-9404 

1. 839-. 004 

.7077 

0.7290 

4.713 

-  9.925 

5.487 

.43  <  P  <  .87 

DISCUSSION  OF  RESULTS 

Results  of  experiments  with  Composition  B 
similar  to  those  described  here  were  presented 
by  Skidmore  and  Hart  (6).  Their  datum  points 
are  plotted  in  Fig.  3  and  agree  quite  well  with 
the  current  data. 


assumptions,  together  with  the  Rankine-Hugoniot 
relations,  permitted  derivation  of  a  relation¬ 
ship  between  propagation  rate  U  of  the  over¬ 
driven  state  and  the  pressure  P5of  that  state, 
involving  as  parameters  the  propagation  rate 

U  .  and  pressure  P  .  of  the  C-J  state: 
cj  K  cj 


Skidmore  and  Hart  also  described  a  model 
for  the  overdriven  states  measured.  It  was 
assumed  that  the  experiments  measured  the 
state  of  the  products  of  overdriven  detonation, 
which  obeyed  a  polytropic  gas  equation  of  state: 


",  ■  "cj  [(2  -  W”1'"  (9) 

Equation  (9)  is  independent  of  the  value  of  y 
because  of  the  form  of  equation  of  state  chosen. 


E  =  PV/(y  -  1)  (8) 

A  further  assumption  made  had  the  energy  re¬ 
leased  by  the  reaction,  Q,  identical  for  the 
C-J  state  and  the  overdriven  states.  These 
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Fig.  5  -  Pressure  -  density  ratio  regressions 
for  four  explosives,  from  Table  5. 


A  comparison  of  Skidmore  and  Hart's  model 
with  the  present  experiments  is  shown  in  Figs. 
6  and  7.  The  agreement  they  found  for  Compo¬ 
sition  B  is  verified  for  pressures  up  to  about 
0.6  megabar,  with  some  divergence  of  the  data 
from  equation  (9)  above  that  pressure.  Some 
modicum  of  agreement  also  exists  for  76/24 
Baratol.  On  the  other  hand,  substantial  dis¬ 
agreement,  throughout  the  pressure  range,  is 
evident  for  both  PB-HMX-9404  and  cast  TNT. 

Skidmore  and  Hart  also  examined  experi¬ 
mentally  the  states  of  reflected  shocks  in 
Composition  B  from  an  overdriven  state  at  .42 
megabar.  These  states  had  been  found  to  be 
consistent  with  their  theoretical  formulation, 
for  y  =  2.85,  which  value  of  y  was  computed 
from: 


'  ■  (Ucj  -  W«p(cj)  <,0) 

While  reflected  shock  experiments  are  not 
reported  in  the  present  work,  it  was  felt  appro¬ 
priate  to  calculate  y  for  the  sets  of  overdriven 
states  here.  These  were  computed  by  linear  re¬ 
pressions  of  the  form: 

In  P  =  In  C  +  y  In  (p/p  )  (11) 

A  fit  of  this  form  is  less  than  optimum,  since 
undue  weight  is  given  to  points  at  the  lower 
end  of  the  range.  Nevertheless,  some  indica¬ 
tion  of  the  value  of  y  required  to  fit  the  data 
is  provided.  These  computed  y's  are  listed  in 
Table  6,  together  with  those  of  Jameson  for  the 
C-J  state.  In  three  of  the  explosives  the  PVY 
formulation  reasonably  well  described  the  data, 
for  the  y  evoked  by  the  fit.  In  the  fourth 
explosive,  Composition  B,  the  fit  was  extremely 
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Fig.  6  -  Shock  velocity  data  as  a  function  of  pressure,  for  Composition  B  and  76/24  Baratol , 
compared  to  C-J  points  and  equation  (9). 


tenuous,  suggesting  the  inappropriateness  of  a 
fit  of  the  form  of  equation  (11).  Despite  the 
fact  that  suitable  fits  to  equation  (11)  were 
obtained  for  three  of  the  explosives,  the  com¬ 
puted  values  of  y  for  the  overdriven  states 
of  all  four  explosives  bear  little  relation  to 
those  of  the  C-J  states,  being  less  than  and 
greater  than  those  of  the  C-J  states  by  ten  to 
sixty  percent. 


The  foregoing  discussion  evinces  the  follow¬ 
ing  speculative  comments.  Some  doubt  is  placed 
on  the  validity  of  the  model  described  by  equa¬ 
tion  (9),  because  of  the  inadequacy  of  the  fits 
in  Figs.  6  and  7.  Yet,  no  definite  insufficien¬ 
cy  can  be  attributed  to  the  assumptions  made. 

The  assumption  that  the  energy  released 
by  the  reaction  is  identical  for  the  C-J  state 
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Fig.  7  -  Shock  velocity  data  as  a  function  of  pressure,  for  PB-HMX-9404  and  cast  TNT,  compared 
to  C-J  points  and  equation  (9). 


TABLE  6 

Polytropic  Exponents 


Explosive 

Y 

C-J 

Overdriven 

Composition  B 

2 . 71  - .  1 3 

2. 98-. 30 

Cast  TNT 

2. 84-. 20 

3. 43- . 1 3 

76/24  Baratol 

2. 95-. 23 

4.79^.12 

PB-HMX-9404 

3.1 7^ .12 

2. 92-. 09 

and  the  overdriven  state  might  be  borne  out  by 
the  fact  that  an  overdriven  detonation,  if 
propagated  sufficiently  far,  will  decay  into 
the  usual  steady-state  detonation.  This  state¬ 
ment  is  supported  by  preliminary  experiments, 
not  formally  reported  at  this  time,  on  the 
attenuation  of  overdriven  detonation  in  76/24 
Baratol  and  PB-HMX-9404,  with  extended  charges. 
Initial  propagation  rates  were  consistent  with 
those  measured  in  thin  specimens,  and,  within 
experimental  uncertainty,  were  constant.  Decay 
of  propagation  rate  commenced  at  distances  in 
the  explosive  samples  of  five  to  twenty  flyer 
thicknesses.  Between  100  and  200  flyer  thick¬ 
nesses  from  the  buffer-explosive  interface,  the 
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propagation  rate  had  dropped  to  the  steady- 
state  rates;  0.51  cm/ysec  for  Baratol  and  0.88 
cm/ysec  for  9404.  These  preliminary  observa¬ 
tions  that  overdriven  detonations  decay  to 
C-J  rates  indicate  that  the  ultimate  products 
of  an  overdriven  detonation,  in  the  pressure 
range  investigated,  are  probably  the  same  as 
those  for  a  C-J  detonation.  Therefore,  no 
unique  modification  of  the  series  of  decompo¬ 
sition  processes  in  the  detonation,  resulting 
in  a  change  of  Q  and  a  steady  unsupported 
detonation  whose  propagation  rate  is  greater 
than  the  C-J  rate,  takes  place. 

The  assumption  that  a  polytropic  equation 
of  state  describes  the  C-J  state  would  not 
appear  to  be  unreasonable.  However,  the  suc¬ 
cession  of  states  extending  from  slightly  above 
to  several  times  the  C-J  pressure  can  be  fitted 
uniquely  to  a  polytropic  equation  of  state,  but 
the  y's  obtained  seem  to  bear  little  relation 
to  the  C-J  y.  Thus,  it  probably  should  be 
concluded  that  use  of  a  polytropic  form  for  the 
present  experiments  is  inappropriate  and  the 
computed  y's  obtained  are  fortuitous. 

With  the  assumptions  of  Skidmore  and 
Hart's  model  not  vigorously  eroded,  a  reason¬ 
able  speculation  is  that  data  described  in 
these  experiments  is  not  representative  of  the 
products  of  detonation  at  the  C-J  plane.  Rather, 
these  data  are  representative  of  the  unreacted 
Hugoniots  of  the  explosives  investigated.  This 
statement  would  seem  to  be  supported  by  the 
facts  that  any  judicious  extrapolation  of  the 
data  in  Figs.  3  and  4  always  arrives  at  a  pres¬ 
sure  higher  than  the  C-J  pressure,  and  that 
the  initial  propagation  rate  for  overdriven 
states  deviates  undetectably  from  constancy, 
and  so  is  probably  not  fed  by  a  reaction. 
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The  stability  to  detonation  and  expansion  behavior  of 
reaction  products  from  an  aluminized  explosive,  HBX-1,  was 
studied.  The  detonation  velocity-charge  diameter  and  det¬ 
onation  velocity-loading  density  relationships  were  deter¬ 
mined  by  streak  camera  techniques  and  electronic  probe 
methods.  These  data  gave  reaction  zone  lengths  which 
increase  from  0.07  mm  for  an  initial  explosive  density  of 
1.72  g/cm3  to  1.5  ram  at  1.3  g/cm3 .  With  the  pressure- 
particle  velocity  relation  established  from  400,000  bars  to 
15  bars,  and  conditions  in  the  C-J  state  (PCJ  *  222.4  bars) 
specified,  the  generalized  hydrodynamic  relations  derived 
by  Jones  were  used  to  evaluate  the  constants  in  an  empir¬ 
ical  equation  of  state  and  in  the  Wilkins  equation  of 
state  as  modified  by  Allan  and  Lanibourn. 


INTRODUCTION 

The  detonation  of  an  explosive 
produces  flow  in  the  surrounding  medium 
which  is  directly  affected  by  the  way 
the  available  energy  is  released  as  the 
reaction  products  expand  to  low  pres¬ 
sures.  The  energy  released  is  from  the 
work  integral 

r 

A  -  J  PdV  ■  Q  -  q  (1) 


where  A  is  the  maximum  available  work 
in  an  adiabatic  expansion  of  the  detona¬ 
tion  products  from  the  initial  explosive 
volume  Vc  -  (l/p0 )  to  the  final  specific 
volume  V.  Q  is  the  heat  of  detonation 
and  q  is  the  heat  retained  by  the  deto¬ 
nation  products  at  V. 

Calculations  of  the  maximum  work 
from  Eq.  (1)  are  handicapped  because 
little  is  known  about  the  detonation 
reactions  or  the  characteristics  of 
the  pres sure-vol ume  expansion  adiabat. 
Many  attempts  have  been  made  to  develop 
more  elaborate  equations  of  state  for 
the  detonation  reaction  products.  The 
results  of  Deal  (1)  and  considerations 
by  Pickett  and  Wood  (2)  seemed  to 
support  the  view  that  for  some  explo¬ 
sives  a  constant  gamma  adiabat  may 
adequately  describe  the  product  gas 
expansion  states.  Energy  transfer 


computations,  using  the  constant  gamma 
assumption,  however  indicate  the  assump¬ 
tion  is  incorrect  since  the  results  are 
in  considerable  disagreement  with  experi 
mental  measurements  from  metal  acceler¬ 
ation  experiments.  Moreover  the 
assumption  is  not  expected  to  describe 
the  expansion  behavior  of  burnt  gases 
from  explosive  compositions  with  sub¬ 
stantial  after-burning  reactions. 

In  this  work  we  studied  the  hydro- 
dynamic  behavior  of  the  detonation 
products  from  an  aluminized  explosive, 
HBX-1,  by  making  measurements  of  the 
pressure-particle  velocity  relationship 
for  its  C-J  adiabat.  With  these  data 
we  have  described  the  expansion  behavior 
from  400,000  bars  to  15  bars,  using  an 
empirical  equation  of  state  and  a  char¬ 
acteristic  form  of  the  Wilkins  equation 
of  state  as  modified  by  Allan  and 
Lambourn  (3).  The  characteristic 
equation  has  the  form 

B  exp  (-kV)  ♦  WG^V* (1+W)  y<Vc 

G2(V  +  V*)-1  v>vc 

(2) 

where  Vc  is  a  critical  volume  which 
specifies  the  properties  of  the  adiabat. 
In  regions  of  high  pressure  with  volumes 
less  than  Vc  the  data  are  best  fitted 
by  the  first  equation  and  in  regions  of 
expansion  for  volumes  greater  than  V 
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the  data  obey  the  second  equation.  B, 

k,  Gi #  W,  G9,  and  V*  are  constants.  The 
following  sections  describe  how  the 
experimental  determinations  of  the  hydro- 
dynamic  properties  are  used  in  evaluating 
the  equation-of-state  constants.  These 
properties  are  the  change  in  the  infi¬ 
nite  diameter  value  of  the  detonation 
velocity  with  loading  density ,  the 
properties  of  the  C-J  state,  and  experi¬ 
mental  P-u  data  for  an  expansion  from 
the  C-J  state.  The  expansion  adiabat 
derived  from  these  data  is  compared  with 
the  constant  gamma  adiabat,  and  the 
variation  of  k  In  P\  with  volume 

Y  \a  In  v/s 
is  calculated. 

EXPERIMENTAL  ARRANGEMENTS  AND  RESULTS 

A •  Charge  Preparation 

The  explosive  configuration  used 
in  the  experiments  was  a  cylindrical 
charge  of  pressed  HBX-i;  RDX/TNT/ 
Aluminum/WAX  (40/38.1/17.1/4.8),  by 
weight,  which  was  initiated  by  a  plane- 
wave  explosive  system.  The  pressed 
charges*  were  prepared  by  mixing 
granular  RDX  and  TNT  into  an  aluminum/ 
wax  mixture,  18  parts  to  5  parts  by 
weight.  This  mixture  was  formed  by 
stirring  aluminum  and  Stanolind  wax  in 
carbon  tetrachloride  and  then  evaporat¬ 
ing  the  solvent.  Seventy  percent  of 
the  HBX-1  by  weight  consisted  of  materi¬ 
al  (aluminum,  RDX,  and  TNT)  with  parti¬ 
cle  sizes  between  44  microns  and  180 
microns.  Charges  with  particle  sizes 
in  this  range  were  formed  at  the  desired 
charge  density  in  a  hydrostatic  press 
and  then  machined  to  the  appropriate 
dimensions • 

B.  Detonation  Velocity  Measurements 
and  Results 

Detonation  velocities  and  the 
critical  diameter  of  HBX-1  were  measured 
as  a  function  of  charge  density  using 
smear  camera  and  "raster  oscilloscope" 
pin  techniques.  In  the  smear  camera 
measurements,  unconfined  HBX-1  at 
loading  densities  ranging  from  about 

l. 33  g/cm3  (75%  TMD**)  to  about  1.74 
g/cm3  (98%  TMD)  was  detonated  in  a 
"stacked"  cylinder  configuration.  This 
configuration  consisted  of  five  explo¬ 
sive  cylinders  of  different  diameters 
but  of  the  same  loading  density.  The 
cylinders  were  stacked  in  order  of 

*  Cast  charges  also  were  fired  to  com¬ 
pare  their  diameter  effect  with  pressed 
charges  at  the  highest  experimental 
density,  about  1.74  g/cm3. 

♦♦Theoretical  maximum  density,  1.76 
g/cra3 . 


decreasing  diameters;  5.08-cm,  2.54-cro, 
1.27-cm,  0.635-cm,  and  0.476-cra.  The 
cylinder  heights  corresponding  to  these 
diameters  were  10.2-cm,  10.2-cm,  5.08-cm, 
3.81-cm,  and  3.81-cm,  respectively. 

The  stacked  cylinders  were  fired  by 
the  detonation  of  a  tetryl  booster 
5.08-cm  diameter  by  2.54-cm  high.  The 
tetryl  was  initiated  by  a  5.08-cm 
diameter  pentolite-baratol  plane-wave 
booster.  Techniques  described  in  (4) 
were  used  to  give  narrow,  bright  light 
pips  which  facilitated  the  analysis  of 
the  detonation  trace  in  the  smear 
camera  records.  The  failure  diameter 
for  each  charge  density  was  estimated 
by  examining  the  smear  camera  record 
for  the  diameter  at  which  the  detona¬ 
tion  wave  failed  to  propagate  with  a 
steady  velocity.  Single  charges  each 
3 7 -cm  long,  5.08-cm  diameter  and  2.54- 
cm  diameter  also  were  fired  simultane¬ 
ously  with  the  stacked  cylinder  array 
and  the  detonation  velocities  were 
measured  using  electronic  probes  and 
a  raster-type  oscilloscope.  In  these 
measurements  the  circuit  consisted  of 
a  single  strip  of  copper  running  the 
length  of  the  charge,  separated  by  an 
air  gap  from  a  series  of  electrically- 
charged  precisely  spaced  copper  strips 
which  served  as  probe  contacts  to  be 
consecutively  shorted  by  the  passage 
of  the  shock. 

The  camera  data  (which  was  less 
precise)  generally  showed  agreement 
with  the  probe  data  to  better  than  0.5%. 
The  electronic  measurements  were  precise 
to  better  than  ±0.2%.  With  this 
precision  in  the  velocity  measurements, 
the  greatest  source  of  error  in  the 
experiments  probably  is  the  density 
variation  within  the  test  explosive. 

Examination  of  the  detonation 
traces  from  the  stacked  cylinder  array 
showed  that  detonation  did  not  prop¬ 
agate  into  the  0.476-cm  diameter 
charges •  The  critical  minimum  diameter 
for  HBX-1  is  about  0.6-cm.  From  the 
measurements,  we  determined  a  critical 
density  (between  1.602  g/cm3  and  1.530 
g/cra3)  below  which  detonation  will  not 
propagate  in  pressed  HBX-1  at  about 
0.6-cm  diameter.  We  infer  that  deto¬ 
nation  cannot  occur  in  smaller  diam¬ 
eters  at  densities  lower  than  this 
critical  density  (5).  Moreover,  we 
found  a  sharply  different  sensitivity 
between  pressed  and  cast  HBX-1.  For 
example,  charges  of  0.635-cm  diameter 
pressed  to  1.72  g/cm3  detonated;  cast 
charges  of  the  same  density  and 
diameter  failed. 
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The  detonation  velocities  for 
charges  loaded  at  various  densities  in 
the  different  charge  diameters  are  plot¬ 
ted  in  Fig.  1.  Linear  least  square 
lines  are  draw  through  the  data*  The 
effect  of  charge  diameter  on  the  velo¬ 
cities  is  greatest  at  lower  loading 
densities.  We  extrapolated  the  curves 
relating  the  measured  detonation  velocity 
to  the  reciprocal  of  the  charge  diameter 
for  different  loading  densities.  For 
charge  diameters  S? 1  • 27  cm  the  curves 
appeared  linear.  The  extrapolation  gave 
the  velocities  for  the  infinite  diameter 
or  ideal  curve  which  is  represented  by 


D*  -  -0.063  ♦  4.305  p  .  (3) 


Fig.  1  Detonation  Velocity  vs  Charge  Den¬ 
sity  for  Several  Charge  Diameters 

The  curved  front  theory  (6)  re¬ 
lates  charge  diameter  d,  and  reaction 
zone  length  a, 


Fig.  2  Reaction  zone  Length  vs  Density 
of  HBX-1 

Wood  and  Kirkwood  (7)  give  a 
relation  between  reaction  zone  length 
and  curvature  of  the  detonation  front 
a  «  (S/3.5)  (1  -  D/DJ  (5) 

where  S  is  the  radius  of  curvature  of 
the  detonation  front.  Extensive  studies 
of  the  shape  of  the  wave  by  Cook  et  al 
(8)  show  the  front  is  spherical.  Hence 
maximum  curvature  is  likely  at  the 
critical  diameter,  i.e.t 

S  ■  j  dc  .  (6) 

At  the  critical  diameter,  0.635  cm,  and 
critical  density,  about  1.60  g/cm3,  the 
critical  detonation  velocity  is  5380 
m/sec,  and  D«  -  6820  s*/sec.  These  data 
give  a  reaction  zone  length  of  0.19  mm 
as  compared  to  0.40  mm  from  the  curved 
front  theory. 


D  -  Da  (1  -  a/d)  .  (4) 

Assuming  the  equation  only  applies  to 
charge  diameters  >1.27  cm,  we  computed 
values  of  the  reaction  zone  lengths 
which  are  plotted  as  functions  of 
density  in  Fig.  2.  The  result  is  a 
smooth  decrease  of  the  reaction  zone 
length  with  increasing  density.  This 
is  attributed  to  the  increased  surface 
exposed  to  ignition  by  the  decrease  in 
grain  size  achieved  by  the  crushing 
action  of  compaction  to  higher  density 
and  hence  an  increased  burning  rate 
with  the  increased  pressure  in  the  re¬ 
action  zone. 


C.  Shock  Impedance  Measurements  of  the 
Chapman-Jouguet  State 

The  pressure  and  specific  volume 
of  the  explosion  products  centered  at 
the  C-J  state  were  determined  from  shock 
wave  velocity  or  free-surface  velocity 
measurements.  Shock  waves  were  trans¬ 
mitted  into  several  materials  of  various 
specified  thicknesses  in  contact  with 
detonating  HBX-1  and  the  above  param¬ 
eters  were  measured.  To  denote  the 
attenuation  and  narrow  limits  of  the 
Von  Neumann  spike  region  (9),  the  data 
from  these  experiments  we re  linearly 
extrapolated  to  values  for  zero  thickness. 
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In  these  shock  wave  measurements 
the  charge  configuration  consisted  of  a 
12.7-cm  diameter,  6. 4- cm  high  cylinder  of 
HBX-1,  initiated  on  one  end  face  by  an 
explosive  plane-wave  lens  of  the  same 
diameter.  The  other  face  of  the  cylinder 
was  held  in  close  contact  with  the  inert 
material  using  a  thin  silicone  grease 
film  to  eliminate  air  gaps.  Measure¬ 
ments  of  the  free-surface  velocities  and 
shock  wave  velocities  were  made  for 
various  plate  and  wedge  thicknesses  of 
aluminum,  brass,  Plexiglas,  water,  and 
polyurethane  which  were  shocked  by 
detonating  HBX-1  in  the  above  charge 
geometry.  A  reflected-light  smear- 
camera  technique  described  previously 
(10)  was  used  for  these  measurements. 

The  C-J  insentrope  behavior  from 
about  20  kbars  to  15  bars  was  deter¬ 
mined  from  optical  measurements  of  the 
initial  velocities  of  shock  waves 
produced  by  detonating  IBX-l  in  air  and 
argon  initially  at  compressed  or  reduced 
pressure  states •  These  experiments  were 
done  in  an  expendable, gas-tight  chamber 
which  could  be  filled  with  compressed 
gas  at  1000  psi  or  evacuated  to  about 
0.01  bar.  Figure  3  shows  the  experi¬ 
mental  arrangement.  The  chamber  con¬ 
sisted  of  a  7.62-cm  inside  diameter, 

26-cro  long  cast  iron  pipe  tee,  with 
0.5-cm  thick  walls.  The  opposite  ends 
of  the  pressure  chamber  tee  were  fitted 
with  2.54-cm  thick  Plexiglas  windows 
to  allow  viewing  of  the  charge  configura¬ 
tion  with  a  rotating-mirror  smear  camera. 
The  bottom  end  of  the  chamber  was  covered 
by  a  brass  plate  designed  to  give  an 
air-tight  seal  and  also  to  transfer  det¬ 
onation  from  a  detonator  outside  the 
chamber  to  a  plane-wave  initiator  inside 
the  chamber • 


Fig.  3  Test  Chamber  for  Shock 
Measurements  in  Gases 


The  charges  fired  in  the  chamber 
were  5.08-cra  diameter  cylinders,  16.5-cm 
long  and  were  confined  in  copper  cylin¬ 
ders  with  0.64-cra  thick  walls.  This 
confinement  sufficiently  reduces  the 
diameter  effect  on  HBX-1  so  that  the 
shock  velocity  data  are  considered 
applicable  to  an  ideal  charge.  For 
viewing  purposes,  one  end  face  of  the 
explosive  protruded  about  1.27  cm  from 
the  copper  cylinder.  The  other  end  face 
of  the  HBX-1  was  initiated  by  an  explo¬ 
sive  train  consisting  of  a  2.54-cm  long, 
5.08-cm  diameter  pentolite  pellet,  a 
pentolite-baratol  plane-wave  generator 
and  an  SE-1  detonator. 

The  slit  of  the  smear  camera  was 
aligned  to  view  the  shock  wave  emerging 
from  the  protruding  face  of  the  charge 
for  a  distance  of  one  charge  radius, 
about  2.54  cm.  Figure  4  shows  the  shock 
wave  trace  emerging  from  a  detonating 
charge  in  air  initially  at  .00355  g/cra3 
(43  bars) .  The  camera  writing  speed 
was  3.8  mm/^lsec.  The  shock  wave  veloc¬ 
ity  was  determined  from  the  distance  vs. 
transit  time  readings  of  the  trace. 
Vertical  distance  on  the  film  was 
converted  to  laboratory  coordinates 
using  magnification  reference  markers 
positioned  inside  the  test  chamber. 


Fig.  4  Smear  Camera  Record  of  Shock 
Wave  Propagation  from  End  of 
HBX-1  Charge 


In  the  region  1  mm  to  6  mm  from 
the  charge  surface,  the  trace  readings 
gave  velocities  which  were  character¬ 
istically  high  and  not  reproducible. 

This  we  attribute  to  Mfog  over"  from 
intense  shock  light  on  the  record,  or 
possible  blow-off  of  luminous  detonating 
particles  from  the  charge  surface.  The 
region  6  mm  to  20  mm  from  the  charge 
gave  trace  readings  which  were  essen¬ 
tially  linear.  Slope  measurements  were 
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made  in  this  region  to  obtain  the  ini¬ 
tial  gas  shock  velocities. 

For  the  shock  pressures  and 
particle  velocities  corresponding  to 
our  measured  air  shock  velocities  we 
used  the  data  in  (11)  •  Since  our  measured 
shock  velocities  in  argon  are  in  the 
range  of  the  shock  Bugoniot  of  argon 
determined  by  Christian,  Duff,  and 
Yarger  (12),  we  used  their  relation  for 
the  particle  velocities  in  Table  I.  We 
obtained  good  support  for  these  data 
from  the  calculations  by  Bond  (13)  of 
the  shock  Hugoniots  of  argon  for  several 
initial  pressures. 

EXPERIMENTAL  DATA  ANALYSIS 

We  obtained  the  data  in  Table  I 
from  the  measured  shock  wave  velocities 
and  free-surface  velocities  correspond¬ 
ing  to  zero  thickness  of  the  various  solid 
materials  and  their  known  shock 
Hugoniots.  Since  the  pressures  and 
particle  velocities  are  continuous  across 
the  reaction  products-material  inter¬ 
face,  the  P-u  data  correspond  to  points 
on  the  detonation  products  Hugoniot 
above  the  C-J  state  and  on  the  expansion 
adiabat  below  the  C-J  state.  The  P-u 
data  are  plotted  in  Fig.  5. 

TABLE  I 


PRESSURE-PARTICLE  VELOCITY  MEASUREMENTS 


Material 

pa  (g/cm3) 

P  (kbars) 

u  (cm/ usee) 

Brass 

8.40 

_____ 

383 

0.0800 

Aluminum 

2.74 

— 

270 

0.1370 

Plexiglas 

1.18 

— 

181.0 

0.2430 

Water 

1.00 

— 

157.5 

0.2620 

Polyurethane 

0.188 

— 

38.8 

0.3550 

Argon 

7.05  x  10-3 

40.8 

16.9 

0.4500 

u 

4.7  x  10-3 

27.0 

11.8 

0.4620 

M 

3.09  x  10-3 

17.9 

7.92 

0.4660 

M 

1.55  x  10-3 

9.0 

4.70 

0.5100 

N 

1.02  x  10-3 

6.0 

3.39 

0.5370 

Air 

7.10  x  10-3 

6.0 

2.54 

0.5700 

M 

3.55  x  10-3 

3.0 

1.41 

0.6020 

M 

3.55  x  10-3 

3.0 

1.46 

0.6130 

N 

3.43  x  10-3 

3.0 

1.30 

0.5870 

M 

1.27  x  10-3 

1.0 

0.670 

0.6970 

•1 

1.27  x  10-3 

1.0 

0.670 

0.6920 

M 

8.9  x  10-4 

0.7 

0.510 

0.7280 

M 

6.3  x  10-4 

0.5 

0.370 

0.7270 

M 

6.3  x  10-4 

0.5 

0.370 

0.7300 

M 

3.7  x  10-4 

0.3 

0.260 

0.8050 

M 

3.6  x  10-4 

0.3 

0.230 

0.7640 

M 

12.6  x  10"8 

0.1 

0.101 

0.8600 

M 

12.6  x  10-6 

0.1 

0.101 

0.8600 

M 

8.86  x  10-8 

0.07 

0.069 

0.8480 

M 

8.01  X  10-8 

0.07 

0.069 

0.8900 

M 

1.23  x  10-8 

0.01 

0.015 

1.0540 

N 

1.23  x  10-8 

0.01 

0.015 

1.0700 

N 

1.23  x  10-8 

0.01 

0.016 

1.1040 

To  establish  the  C-J  state  we 
assumed  that  the  aluminum  and  wax  in 
HBX-1  are  chemically  and  physically 
inert  in  the  detonation  front  (14) • 

The  detonation  parameters  then  are 
functions  of  the  nominal  density,  p0  of 
the  explosive  components  in  the  charge, 
i.e.,  the  ratio  (weight  of  explosive)/ 
(volume  available  to  the  explosive  re¬ 
action  products).  For  HBX-1  with  the 
experimental  charge  density  of  1.712* 
g/cm3,  we  obtain  p0  «  1.624  g/cm# . 

The  C-J  state  was  established 
according  to  the  impedance  match  condi¬ 
tions  by  drawing  the  straight  line  with 
slope  p0D  *  P/u  from  the  origin 
to  intersect  the  curve  given  by  an 
exponential  fit  to  the  P-u  data  above 
10  kbar.  With  D  *  7307  m/sec  we  obtain 
PCJ  *  222.4  kbars,  uCJ  *  1875  m/sec. 
Then  using  the  detonation  theory,  at 
the  C-J  point 

D  -  UCJ  +  C  (7) 

where  C  is  the  velocity  of  sound  at  the 
C-J  point.  The  isentropic  exponent 

YCJ  “  -  1  •  (8) 


♦This  is  a  density  typical  of  that  for 
HBX-1  warheads . 
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Pig.  5  Experimental  P-u  Data  and  Equation-of-State  Results 
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Also 


PCJ/P. 


D  -  u, 


CJ 


(9) 


and  for  the  experimental  C-J  point, 

Pcj  *  2.185  g/cm®  and  y  «  2.895. 

The  constants  in  the  characteristic 
equation  of  state,  Bq.  (2),  were  eval¬ 
uated  from  the  experimental  data,  follow¬ 
ing  the  generalised  formulation  of  the 
detonation  theory  by  Jones  (15).  Jones  de¬ 
fines  the  quantity  a,  from  the  detona¬ 
tion  products  Hugoniot  by 
&U-Q)l 

(10) 


av 


p 

a 


We  assume  no  radial  expansion  at  the 
C-J  plane,  therefore  a  is  evaluated 
from  the  infinite  diameter  detonation 
velocity-loading  density  relation,  Eq. 
(3).  Ycj  is  the  initial  value  of  the 
isentropic  exponent  in 


v  -  .  (i_lo3_P) 
y  Tl5gv's 


(11) 


and 


a  -  <yCJ  +  1)/(1  +  .  2.  (12) 

The  constant  W  in  the  equation  of  state 

P  -  B  exp  (-KV)  ♦  WG1V"(1+W> 

for  V  £  Vc  was  found  from 

W  -  avCJ/ (a  ♦  1)  .  (13) 

B  and  Gx  were  determined  from  Eq.  (2) 
and  Bq.  (11)  using  the  C-J  values  of  P, 
V,  and  y.  Differentiation  of  Eq.  (2) 
with  respect  to  V  gives 

-  H  -  kB  exP  (-*V)  + 

W (1  +  W)G1V“(24W)  .  (14) 

Also,  Bq.  (11)  gives 


dP  YP 

“  3v  T 


(15) 


With  f  -  V"1  and  the  C-J  values  one 
then  obtains 

_  PCJ(YCJPCJ  ~  k)Pcj  .  (16) 

1  W[  (1  +  W)  Pcj  -  k] 


B  “  [ J*Cj  -  WGj ?Cj ^ 


Then  a  value  of  k  was  chosen  to 
give  the  best  fit  to  the  experimental 
P-u  adiabat  in  the  region  V  <  Vg.  To 
calculate  the  P-u  adiabat  from  the 
characteristic  equation  we  used  the 
Riemann  relation 


s  Pi 


(18) 


where  C  is  the  velocity  of  sound;  ux 
and  px  are  the  particle  velocity  and 
density  for  our  known  state,  in  this 
case  the  C-J  state.  For  the  adiabat, 
C  is  given  by 


(H) 


1/2 


ap/  s 


'(-» 


1/2 


(19) 


In  the  region  where  V  >  the 
characteristic  equation  is  P  8  Gt/(V+V*). 
This  follows  since  in  Pig.  5,  the  ex¬ 
perimental  P-u  data  in  the  lower  region 
are  related  best  by 


log  P  m  Mu  4-  A 


(20) 


Differentiation  of  Eq.  (18)  and  Eq.  (20) 


gives,  with  Eq.  (19), 
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1 

R 

•ofe 

(21) 

(22) 

du  dV  _  1 

3v  ~  3?  MP 

(23) 

.  1. 2  ,dP. 2  _  dP 

mp  w  -  av 

(24) 

.  -  M2av  . 

(25) 

Since  the  reference  state  is  now  the 
critical  point  with  the  characteristic 
values  Pc  and  Vc,  we  have 


with 


then 


- 1  S  “  f  m2<jv 

(26) 

y  Pc  y  Vc 

c  c 

J  -  -T-  -  m2(v  -  v  ) 

(27) 

c 

pCV  -  Vc+  1/(PcM2)]  -  1/M2 

(28) 

V*  -  -Vc  +  l/t^M2)  and  G2 

-  1/M' 

P(V  +  V*)  *  G2 

(30) 
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Pc  and  G9  are  determined  by  the  experi¬ 
mental  P-u  curves.  Vq  is  calculated 
from  the  characteristic  equation  using 
V  =  Vc.  Equation  (29)  gives  the  value 
of  V*. 

DISCUSSION 

The  equation-of-state  constants  for 
HEX-1  are  listed  in  Table  II.  The  small 
values  of  a  and  W  are  typical  of  explo¬ 
sive  compositions  with  large  amounts  of 
solid  or  non-ideal  detonation  products, 
as  indicated  by  the  relatively  large 
values  of  dD/dp0 .  For  pure  explosives, 
a  varies  from  about  0.2  to  0.8,  depending 
on  the  loading  density,  and  dD/dp0  ranges 
from  about  3000-3500  m/sec/g/cm3 . 

The  "best  fit"  to  the  experimental 
P-u  data  for  V  <  Vg  is  obtained  with 
the  parameter  k  =  6.450  g/cra3;  B  *  4.111 
Mbar  and  Gj  =  0.0096  Mbar  in  the  charac¬ 
teristic  equation.  The  experimental  P-u 
relation  for  V  >  Vg  gives  M  =  -10.4589 

usec/cm,  Ga  *  9.142  x  109  (cm/sec)3  . 

From  Fig.  5  we  find  P q  =  2.925  kbar,  then 
Vc  *  1.300  cm3/g  and  V*  »  1.825  cm3/g. 

If  the  complete  P-u  adiabat  is 
calculated  using  the  modified  Wilkins 
equation  for  V  >  Vc,  the  curve  deviates 
from  the  experimental  data  as  shown  in 
Fig.  5.  Also  plotted  in  Fig.  5  is  the 
constant  y  adiabat  P-u  curve.  The  ex¬ 
perimental  P-u  data  from  20  kbars  to 
1  kbar  are  well  below  this  curve.  This 
covers  the  range  of  the  compressed  gas 
experiments .  We  note  an  abrupt  up¬ 
ward  trend  in  the  experimental  data 
at  about  10  kbars.  The  trend  is  con¬ 
sidered  real  and  not  a  result  of  ex¬ 
perimental  error.  At  points  below  1  kbar 
the  experimental  data  shift  significantly 
away  from  the  constant  y  curve.  These 
data  result  from  the  detonation  products 
expanding  into  a  rarefied  atmosphere, 
i.e.,  the  initial  conditions  of  the 
reduced  pressure  experiments. 

The  pressure-volume  adiabats  for  the 
characteristic  equations  of  state  (Eq. 
(2)),  the  modified  Wilkins  equation,  and 
the  constant  gamma  "straight  line" 
assumption  are  shown  in  Fig.  6.  The 
adiabat  derived  from  the  experimental 
data  dips  below  the  constant  gamma  curve 
near  the  C-J  point  and  then  crosses  over 
both  the  constant  gamma  and  modified 
Wilkins  equation  of  state  curves  below 
3  kbars.  The  inflection  in  our  experi¬ 
mental  data  beginning  at  about  3.0  kbars 
produces  the  sharp  break  in  the  adiabat 
at  V  *  1.3  cm3/g.  The  variation  of 

y  =  -  s  volume  for  the  modi¬ 

fied  Wilkins  equation  of  state  is  shown 
in  Fig.  7.  We  note  that  y  first  increases 


from  its  C-J  value  of  2.895,  to  about  3.8, 
and  finally  decreases  to  1.289.  This 
final  value  is  compatible  with  the  value 
of  W  in  the  equation  of  state,  i.e., 
the  limiting  value,  y  *=  1  +  W.  It  is  in 
the  range  of  expected  values  for  real 
gases  at  low  pressures  as  calculated 
from  the  ratio  of  specific  heats,  Cp/Cv 
about  1.2  to  1.5.  Also  in  Fig.  7,  y 
derived  from  the  experimental  adiabat 
rises  from  its  C-J  value  of  2.895  to 
about  5,  then  decreases  to  3.57  at 
V  =  1.3  cm3 /g .  The  use  of  the  character¬ 
istic  equation,  P(V  +  V*)  =  G?  for  V  > 

1.3  cm3/g  produces  a  discontinuity  in 

-  s  38  *n<iicate<J  the  *>r°ken 

line  in  Fig.  7. 


V  (CM  /  G) 


Fig.  6  Pressure-Volume  Adiabats  for 
HBX-1 
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Pig.  7  Variation  of  y  — (|-^|SLl) 

s 

with  Volume  of  Reaction 
Products  from  HBX-1 


TABLE  II 


E  QUAT ION-OP- ST ATE 

CONSTANTS  FOR 

HBX- 

-1 

p 

* 

1.712  g/cra3 

w 

m 

0.2893 

po 

* 

1.624  g/cm3 

vc 

* 

1.300  cm3/g 

D 

* 

7.307  mm/^isec 

pc 

= 

2.925  kbars 

ycj 

s 

2.895 

k 

s 

6.450  g/cm3 

PCJ 

* 

222.4  kbars 

B 

4.1110  Mbars 

UCJ 

1.875  mm/u8ec 

G1 

* 

0.0096  Mbar 

PCJ 

- 

2.185  g/cm3 

G2 

3 

9.142  x  109  (cm/aec)* 

dD 

d 

m 

3800  m/sec/g/cm3 

V* 

¥ 

1.825  cm3/g 

Po 

a 

= 

0.1110 

M 

-10.4589  usec/cm 
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OPTICAL  PROPERTIES  OF  DETONATION  WAVES 
(OPTICS  OF  EXPLOSIVES) 


M.  BUSCO 
Minister*)  Difesa 
Roma,  Italy 


Detonation  phenomena  are  considered  taking  into  account  the  geome*  *.c  and 
kinematic  characteristics  of  the  detonation  wave  front.  In  unlinu .od  isotro 
pic  explosive  medium  the  detonation  velocity  is  perpendicular  to  the  wave 
front,  this  condition  is  sufficient  to  apply  to  detonation  the  abstract  mo 
del  of  Geometrical  Optics.  A  region  having  ”  optical  behaviour"  is  then  de¬ 
fined  for  charges  of  limited  dimensions;  the  longitudinal  and  transversal 
conditions  are  established.  Several  types  of  Detonation  Wave  Generators  (D. 
W.G.),  calculated  applying  the  Fermat's  principle,  are  considered.  Defini¬ 
tions  and  codification  of  different  families  of  D.W.G.  are  given. 


INTRODUCTION 

The  detonation  phenomenon  in  condensed  high 
explosive  media  involves  the  propagation  of  a 
supersonic  wave  of  compression,  the  detonation 
wave,  which  presents  a  locus  of  discontinuity 
(the  wave  front)  for  the  state  variables  p,  v, 

T,  the  particle  velocity  u  and  for  many  other 
thermodynamic  and  mechanical  quantities. 

The  wave  front  is  followed  by  a  reaction 
zone  in  which  the  release  of  chemical  energy  is 
so  rapid  that  the  region  of  a  complete  (o  near¬ 
ly  complete)  reaction  moves  joint  with  the  wave. 
A  mass  of  gas  at  high  pressure  and  temperature 
travels  in  the  same  direction  of  the  wave  front 
which  proceeds  at  detonation  velocity  Vp. 

The  wave  front  is  represented  by  an  ideal 
regular  surface  f  which  is  just  a  geometric 
abstraction.  In  fact  if  the  phenomenon  is  ana¬ 
lyzed  in  microscopic  way,  subdividing  the  wave 
front  in  parts,  each  constituted  by  elementary 
front  followed  by  gaseous  flow,  it  is  easy 
to  realize  as  the  various  parts  move  at  diffe¬ 
rent  variable  speed  which  is  depending  on  the 
size  and  orientation  of  explosive  crystals 
(which  have  in  general  anisotropic  properties) 
and  on  the  size  and  distribution  of  particles 
and  gaseous  inclusions.  For  statistical  and  ph^ 
sical  reasons  the  elementary  surfaces  dSi  are 


oscillating,  during  the  propagation,  around  a 
regular  surface  f  which  is  the  wave  front  con 
sidered  in  this  paper.  The  finer  the  crystal¬ 
lization  and  the  granulation,  the  more  the  de 
mentary  surfaces  dSi  are  confusing  with  the  i 
deal  wave  front  f. 


f 


IM — - 


I 


Fig.  1  -  Detonation  wave  front 

For  full  knowledge  of  detonation  phenome¬ 
non,  the  form  of  the  detonation  wave  front,  the 
detonation  velocity  in  every  point  of  the 
front  and  moreover  the  quantities  p,  v,  T,  u, 
the  energies,  the  momentum,  the  detonation  head 
must  be  known.  The  last  quantities  are  difficult 
to  obtain  with  accuracy  provided  the  extreme 
conditions  of  detonation  phenomena,  they  can  be 
considered  by  the  thermohydrodynamic  theory  and 
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great  strides  have  beed  made  in  this  direction 
applying  the  modern  computing  techniques. 

In  this  paper  only  the  detonation  wave 
front  and  its  evolution  in  time  is  considered, 
if  this  quantity  does  not  represent  a  complete 
knowledge  of  detonation  nevertheless  it  gives 
an  important  information  of  the  phenomenon  and  it 
can  be  easily  calculated  theoretically  and  mea¬ 
sured  experimentally  without  difficulty. 

Simple  considerations  allow  to  apply  to  the 
propagation  of  the  wave  front  the  abstract 
scheme  of  Geometrical  Optics,  provided  the  ex¬ 
plosive  media  are  isotropic.  One  can  realize 
immediately  that  in  an  unlimited  homogeneous  ex 
plosive  medium  a  detonation  wave  front  genera¬ 
ted  in  an  initiation  point  I  is  spherical  and 
travels  with  detonation  velocity  which  is  per¬ 
pendicular  to  the  front  in  each  point.  If  the 
wave  encounters  another  explosive  homogeneous 
medium  having  a  different  value  of  detonation 
velocity,  the  front  refracts  according^the  laws 
of  Geometrical  Optics,  being  the  detonation  ve¬ 
locity  always  perpendicular  to  the  wave  front. 

Then  the  propagation  of  a  wave  front  in 
an  isotropic  medium  (with  a  velocity  perpendi¬ 
cular  to  the  front)  is  a  sufficient  condition 
that  allows  to  apply  to  the  phenomenon  the 
abstract  scheme  of  Geometrical  Optics.  In  this 
respect  the  electromagnetic  waves,  the  mecha¬ 
nical  waves,  the  detonation  waves  can  be  trea¬ 
ted  in  the  same  manner. 

Obviously  the  geometrical  scheme  represents 
a  first  approch  (an  approximation  )  to  be  im¬ 
proved  by  further  physical  considerations.  This 
second  aspect  represents  the  Physical  Optics. 

GEOMETRICAL  OPTICS. LONGITUDINAL  AND  TRANSVERSAL 
CONDITION 

The  applicability  of  the  principles  of  Geo^ 
metrical  Optics  has  been  admitted  for  isotropic 
unlimited  explosive  media.  The  validy  of  the 
Geometrical  Optics  scheme  to  finite  explosive 
charges  must  be  verified  on  the  basis  of  physi^ 
cal  experimentation.  Reference  is  made  to  the 
most  simple  type  of  charge,  the  homogeneous 
unconfined  cylindrical  charge  .  The  phenomena 
are  considered  in  simple  way  to  achieve  a  model 
of  general  value. 

In  a  cylindrical  homogeneous  charge  of  ra¬ 
dius  Rj,  the  detonation  wave  front  is  in  gene¬ 
ral  spherical  in  shape  except  at  the  very  edge 
of  the  charge  where  slight  edge  effects  may  be 
observed.  A  spherical  segment  generated  at  the 
initiation  point  I  is  expanding  linearly  in  the 
interval  (0  ♦  XMi ) .  The  experience  shows  the 


value  of  Xyj  is  approximately  comprised  between 
4R^  and  7R^  according  ^different  types  of  expl£ 
sives  (l). 

If  x  >  X^jj,  the  radius  of  curvature  of  the 
wave  front  assumes  a  steady-state  value  rM1  and 
proceeds  by  translation.  If  a  charge  of  radius 
R^>Rj  is  considered,  a  value  X^,,  >  *M1 
tained  and  consequently  the  maximum  value  of 
radius  of  curvature  becomes  ry2>rMl* 


Fig.  2  -  Radius  of  curvature  versus 
distance 

The  phenomenon  can  be  represented  as  in 
Fig.  2 5  in  the  shaded  area  Aj,  the  wave  front 
has  an  "optical  behaviour",  in  other  words  the 
wave  front  travels  with  detonation  velocity 
Vp  perpendicular  to  the  front,  for  x  >  X^the 
wave  front  proceeds  by  traslation  and  the  velo¬ 
city  Vq  appears  perpendicular  to  the  front  on¬ 
ly  along  the  axis  (the  Vq  is  considered  functi¬ 
on  only  of  the  type  of  explosive  and  its  densi¬ 
ty  which  is  costant  in  a  homogeneous  medium) . 

The  "optical  region"  with  respect  the  ini¬ 
tiation  point  I,  for  a  cylindrical  charge,  is 
defined  by  the  condition  x  <  X^,  which  is  the 
longitudinal  condition  for  homogeneous  cylindri^ 
cal  unconfined  charges. 

It  can  be  seen  that  for  R-~oo;  X^-^  o°  , 
the  "optical  behaviour"  for  the  unli¬ 
mited  space  is  obtained. 

The  phenomenon  examined  is  caused  by  la 
teral  expansion  and  heat  loss. 

With  the  same  reference  to  homogeneous  un 
confined  cylindrical  charge,  other  considera¬ 
tions  (not  specifically  related  to  the  optical 
behaviour  of  the  wave  front,  but  able  to  make 
more  general  optical  model)  are  taken  into  ac¬ 
count.  With  reference  to  the  experimental  dia- 
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gram  given  in  Fig.  3,  it  can  be  seen  that  for 
a  value  of  charge  radius  R  <  Rc,  the  propaga¬ 
tion  of  detonation  does  not  occur;  the  velocity 
VD  grows  in  the  interval  (Rq  ♦  R^)  and  assume 
a  constant  value  for  R  >  RM  ( 1 ) . 


Fig.  3  -  Detonation  Velocity  versus  Radius 
of  the  Charge 

The  phenomenon  is  caused  by  rarefactions 
from  the  sides  (release  waves).  This  fact  hap¬ 
pens  pratically  for  all  high  explosives;  R^ 
varies  from  some  mm.  to  some  cm.  and  depends 
from  the  type  of  explosive,  its  density  and 
granulation.  For  those  explosives  for  which 
it  is  not  possible  to  achieve  a  constant  value 
of  Vp  (e.g.  :  A.N.  explosives)  a  mean  value  of 
Vp  in  a  given  interval  can  be  taken  into  account. 
To  generalize  the  optical  model,  it  is  logical 
to  consider  charges  in  which  Vp  is  defined  only 
by  the  type  of  explosive  and  its  density  and  not 
by  charge  dimensions,  in  other  words  charges  ha 
ving  a  radius  R  >  Ry  have  to  be  considered. 

Summarizing,  in  a  homogeneous  unconfined 
cylindrical  charge,  the  "optical  region",  in 
which  the  velocity  depends  only  on  the  t%_ 
pe  of  explosive  and  its  density,  is  defined  by 
the  two  conditions: 

*  <  XM  ,  *  >  rm 

More  difficult  is  to  establish  the  "opti¬ 
cal  region"  for  a  charge  more  complicated  than 
a  cylindrical  one. 

General  considerations  are  out  of  the  limit 
of  this  work;  a  method  to  determine  the  "optical 
region"  for  two  charges  composed  of  two  explo¬ 
sive  cylinders  is  given.  With  reference  to  Fig. 
4a),  in  which  an  axial  section  of  a  charge  com 
posed  of  two  cylinders  of  the  same  homogeneous 
explosive  having  respectively  a  radius  R^  and 
R2  <  Rj  and  length  and  X2jthe  "optical  re¬ 
gion"  with  respect  the  initiation  point  I 
(shaded  area)  includes  all  the  charge  if  the 
following  longitudinal  condition  and  transver¬ 
sal  condition  are  satisfied: 


a)  *<  <  XM1 

+  *2  <  Xm2  f  (  XMS  <  XmO 

b)  Ra  >  Rm  ,  (  R,>  Rj  ) 

Xjyji  and  X^2,  for  a  given  explosive,  are  functi¬ 
on  of  the  radius  of  cylinder. 


Fig.  4  -  "Optical  Region"  in  two  types 
of  Explosive  Charge 

The  second  type  of  charge  is  composed  of 
a  cylinder  of  homogeneous  explosive  having 
radius  Rj,  length  X^  and  detonation  velocity 
Vdi  (at  the  end  of  which  is  the  initiation 
point  i)  jointed  with  another  cylinder  of  ho¬ 
mogeneous  explosive  E2  having  radius  R2  <  Rj, 
length  X2  and  detonation  velocity  VD2. 

To  define  the  "optical  region"  with  re¬ 
spect  the  initiation  point  I,  for  the  first 
cylinder,  the  longitudinal  condition  X ^  <  XM1 
has  to  be  satisfied. 

For  the  second  cylinder  the  verification 
must  be  done  considering  an  ideal  initiation 
point  which  can  be  at  the  right  side  of  I 
( Ii)or  at  the  left  side  of  If  1^') ,  respectively  if 
VD1  £  VD2* 

The  graphic  demonstration  of  this  fact  is 
shown  in  Fig.  4  b) .  If  VD1  <  VD2,  the  wave 
front  in  the  explosive  E2  (near  the  separation 
surface)  is  spherical  with  a  curvature  radius 
r£  <  rj,  consequently  for  the  cylinder  of  ex¬ 
plosive  E2  one  obtains  the  same  geometrical  re¬ 
sults  if  the  first  cylinder  is  substituted  with 
another  cylindrical  charge  of  explosive  E2, 
radius  R2  and  length  X^. 

The  longitudinal  condition  for  the  equiva^ 
lent  charge  becomes: 

Ye<]  =  X,  +X2  <Xh2- 
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If  Vpj  >  Vq2j  the  ideal  initiation  point 
becomes  IV  and  the  longitudinal  condition  is 

X e<j  =  X-  -+  X2  <  XH2. 

To  ascertain  that  detonation  velocities 
have  the  values  characteristics  of  explosive, 
the  transversal  conditions  >  R^,  R2  > 
have  to  be  verified. 

All  the  systems  considered  are  unconfined 
different  considerations  have  to  be  made  if  the 
charges  are  covered  with  an  inert  lining. 

DEFINITION  OF  BASICAL  CHARACTERISTICS  OF  DETONA 
TION  WAVE  GENERATORS  (D.W.G.) 

In  a  region  of  an  explosive  medium  in  which 
the  model  of  Geometrical  Optics  can  be  applied, 
it  is  quite  easy  to  design  any  type  of  detona¬ 
tion  wave  generator  (D.W.G.)  applying  the  Huy¬ 
gens  principle  (graphic  method)  or  the  Fermat's 
principle  (analytical  method). 

Provided  that  only  revolution  and  plane 
systems  are  taken  into  account,  all  the  consi^ 
derations  can  be  related  to  the  plane. 

The  Fermat's  principle  contains  all  the 
laws  of  Geometrical  Optics;  in  the  variational 
form  it  can  be  espressed  in  the  following  way: 
in  an  isotropic  (plane)  medium  the  path  of  a  po 
int  of  wave  front,  from  the  point  (x^  yg)  to 
the  point  Pg  (x ^  y%)  9  i s  an  extremal  of  the  iii 
tegral : 

t  r- 

Vpfry) 

Jp< 

where:  T  ■  time  employed  by  the  point  P  of  wa 
ve  front  to  go  from  Pj  to  P2 

s  «  arc  length 

The  extremal  is  an  integral  curve  of  the 
Euler  differential  equation 

j_  y1  +  Z1*  (y')a  DVpv-w  _  0 

c)x  VCM  +  (y')1  Vc’c^.v)  D  y 

The  constants  of  the  general  integral 
y(x^iyC2)  are  generally  determined  by  the  con¬ 
ditions: 

'Y,~  yKc‘-c0 
yt  «  y(*>,Ci  c<) 

In  many  cases  concerning  homogeneous  me¬ 
dia,  the  Fermat's  principle  can  be  applied  in 
a  form  of  a  simple  algebraic  equation  with  the 
minimum  time  condition.  In  such  applications 
the  Malus  theorem  of  the  normal  congruence  ap¬ 


pears  very  useful. 

Before  the  calculation  of  some  Detonation 
Wave  Generators,  it  is  worth  while  to  give  so¬ 
me  definitions  and  informations  in  order  to 
establish  a  general  classification  of  the  D. 

W.G. 

-  Detonation  Wave  Generators  (D.W.G.) 

The  D.W.G.  is  an  explosive  system  able  to  ge¬ 
nerate  a  detonation  wave  having  an  established 
wave  front.  The  D.W.G.  is  defined  by  the  code 
letter  G^,  where  i  «=  2  or  3  according  the  space 
dimensions  of  the  generator.  The  denomination 
wave  generator  is  equivalent  to  expression  wave 
shaper  and  lens.  Instead  of  lens 

it  would  be  more  appropriate  to  use  the  denomi_ 
nation  wave  transformer  (the  word  lens  was  ado¬ 
pted  from  the  resemblance  in  shape  of  a  double 
convex  lens  to  the  seed  of  a  lentil,  said  "lens" 
by  Latins). 

-  D.W.G.  Operating  By  Refraction  Or  By  Diffra¬ 
ction 

The  D.W.G.  can  operate  by  refraction  or  by  dif¬ 
fraction;  the  code  letter  G^  is  then  followed 
by  the  letter  R  or  D  according t#the  particular 
operational  mode. 

It  is  worth  while  to  recall  that  in  the  case 
of  detonation  only  one  wave  front  exists  (and 
not  a  train  of  wave  fronts  as  in  electromagne¬ 
tic  waves  or  in  sound  waves)  consequently  the 
interference  phenomena  are  not  present;  in 
the  detonation  the  term  diffraction  means  the 
action  of  wave  front  to  surrounding  an  obstacle 
generally  constituted  by  inert  material. 

-  D.W.G.  Provided  With  i  Initiation  Points 
The  initiation  point  is  represented  by  a  point 
I.  A  D.W.G.  can  be  provided  with  a  number  of  i 
initiation  points,  i  *  1,  2,  . ...n.  The  code 
letter  1^  designs  this  condition. 

-  Pure  D.W.G. 

A  Pure  D.W.G.  is  constituted  of  only  explosi¬ 
ve  media.  The  code  letter  is  E^  ^  5  i  repre¬ 
sents  the  number  of  homogeneous  explosives 
( ^  constant)  in  the  system,  k  represents  the 
number  of  heterogenous  explosive s(  ^  variable) 
(i,  k  «0,  1,  1  ,  ,n). 

-  Free  Propagation  Mode  in  D.W.G. 

If  the  explosive  components  have  the  same  num¬ 
ber  of  space  dimensions  of  the  D.W.G.,  the  de¬ 
tonation  wave  propagates  in  free  mode;  the  let¬ 
ter  F  designates  this  condition. 

-  Constrained  Propagation  Mode  in  D.W.G. 

If  at  least  one  explosive  component  has  one  di^ 

mension  less  than  the  dimensions  of  all  the  s^ 

stem,  the  D.W.G.  is  defined  Constrained. 

This  condition  is  indicated  by  a  letter  C-  . 

1  ,k; 
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where  i  is  the  number  of  different  types  of  ex¬ 
plosive  fibers  and  k  is  the  number  of  different 
types  of  explosive  sheets. 

In  plane  D.W.G.  (G2),  k  «*  0. 

It  is  useful  to  recall  the  definition  of  ex¬ 
plosive  fiber  and  explosive  sheet. 

The  explosive  fiber  can  be  represented  by  a  li¬ 
ne,  in  fact  its  transversal  dimensions  are  ne¬ 
gligible  with  respect  the  length.  The  wave  front 
can  be  represented  with  a  point  constrained  to 
follow  the  path  having  the  form  of  the  line. 

The  explosive  sheet  can  be  represented  with  a 
plane  (2  dimensions  space)  its  thickness  is 
negligible  with  respect  the  other  two  dimensions. 
If  the  homogeneous  sheet  explosive  is  plane, 
the  trajectories  of  the  points  of  the  wave  front 
(rays)  are  straight  lines  (the  space  is  Eucli¬ 
dean),  if  the  homogeneous  explosive  sheet  is 
not  plane,  the  trajectories  of  the  points  of 
the  wave  front  are  the  geodesics  of  the  surface. 

-  Hybrid  D.W.G. 

An  Hybrid  D.W.G.  is  an  explosive  system  compo¬ 
sed  of  explosives  and  inert  media.  The  letter 
H^  ^  designates  this  property,  where  i  is  the 
number  of  the  explosive  media  of  the  system 
and  k  is  the  number  of  inert  media  (i,  k  «  1, 

2  • • • n) • 

An  inert  material  can  have  different  functions s 

-  An  inert  element  can  cause  a  delay  far  the 
propagation  of  the  detonation  wave,  in  that  ca¬ 
se  a  shock  wave  travelling  on  it  at  velocity 
lower  than  detonation  velocity  can  initiate, 
under  certain  conditions, the  explosive  placed 
in  the  apposite  side  of  the  element. 

If  all  the  media  have  the  same  dimensions  of 
the  system,  the  propagation  is  free,  and  the 
D.W.G.  are  designed  with  the  letter  F. 

The  shock  wave  propagates  by  refraction  in  the 
inert  material. 

-  The  delay  can  be  obtained  in  another  manner, 
by  projecting  by  a  detonation  of  a  charge  a  me 
tallic  plate  against  another  explosive  and  ini^ 
tiating  it. 

The  plate,  travelling  at  a  velocity  lower  than 
detonation  velocity  of  the  explosive,  is  able 
to  create  in  another  explosive  a  wave  front  of 
particular  shape. 

These  Hybrid  D.W.G.  are  designated  by  a  letter 
i  is  the  number  of  the  plates  which  can 
be  equivalent  to  lines,  k  is  the  number  of  the 
plates  which  can  be  equivalent  to  surfaces. 

-  Finally  the  inert  media  can  constitute  bar¬ 

riers  separating  different  explosives  elements, 
this  is  the  case  of  explosive  fibers  and  ex¬ 
plosive  grids  or  nets.  These  D.W.G.,  in  which 
the  explosive  components  have  less  dimensions 
than  those  of  the  system,  are  constrained  and 
are  designated  by  a  letter  where  i  is  the 


number  of  explosive  fiber  systems  (2)  or  ex¬ 
plosive  grid  systems  (3)  and  k  is  the  number 
of  explosive  sheet  systems.  In  the  plane  D.W. 
G.  (G2),  k  -  0. 

The  D.W.G.  operating  by  diffraction  are  prati- 
cally  all  Hybrid  (the  barrier  is  generally  i- 
nert) . 

Generators  operating  by  refraction  and  diffra¬ 
ction  can  be  realized,  they  can  be  designated 
by  letters  R-D. 

In  the  block  diagram  of  Fig.  5,  families  of 
D.W.G.  are  shown. 

-  Design  Of  Some  D.W.G. 

It  is  worth  while  to  give  some  example  of  D.V\ 
G.  design. 

-  Straight  Line  D.W.G.,  Code  G2  R  1^  E^  qF 


Fig.  6  -  Straight  line  D.W.G. 


With  referente  to  Fig.  6,  the  separation  line 
between  the  1A  medium  and  the  2A  medium  can  be 
calculated  applying  the  Fermat's  principles 

♦  V*  x*  -  *  -r 

-  +  - s -  »  1 

V|M  V»1 


Xm  X»  -  X« 

V(H  *>2 


For  >1  ,  the  line  c  is  an  hyperbola, for 

the  Malus  theorem  the  segment  P  P*is  certainly 
the  path  of  the  point  P  of  the  wave  front  in 
the  2A  medium,  in  fact  it  is  perpendicular  to 
the  segment  Pj  P^  which  represents  the  wave 
front  f2  (4). 

-  Implosive  D.W.G.  -  Code  G^  R  Ii  E2  q  C^  p 


Fig.  7  -  Implosive  D.W.G. 
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FAMILIES  OF  DETOHATIOtt  U/AVE  6 EM  EE  A  TOES 
designed  applying  /ha  Principles  of  Oeometriccrt  Oplics  .  Codification 
of  different  types  of  (generators [in  the  bracket (  )  fh<z  Code  LetferJ 


Fig.  5 
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The  generator  is  constrained  type  (4), the  line 
Cj  (simmetrical  to  C2  with  respect  the  x  axis) 
can  be  calculated  as  follows. 

The  time,  necessary  to  go  from  the  initiation 
point  I  to  the  point  P  and  then  to  the  point 
F,  is  given  by  the  expression: 


+  —  =  S-  s  constant 

Vj>l  Vd2 


hence: 


from  the  above  expression  the  following  diffe¬ 
rential  equation  is  obtained 

A  r  _  A  9 

]/^T  8 

the  general  integral  isj  r  »  r.  e 
The  curve  c  is  a  logarithmic  spiral. 


-  Discontinuous  Straight  Line  D.W.G.  -  Code  « 

.  °2  R  Ix  Hltl  C1>0 

With  reference  to  Fig.  8,  3i  represents  the  ini^ 
tiating  explosive  fiber  having  a  detonation  vel£ 
city  Vj^j  the  other  fibers  have  a  detonation 
velocity  VD2* 


Fig.  8  -  Straight  Line  (discontinuous)  D.W. 
G.  (Explosive  Fibers). 

The  condition  to  obtain  a  discontinuous  straight 
line  wave  front  MANK  is: 

fTt  ,  H;  N,  _  7-  T_  IM^  _  TiT* 

V01  '  ”  v<><  v»* 

hence : 

S'* 

For  (X  =  (3  y  =  VDL  t  ImT  =  1N^ 

In  Fig.  9  several  types  of  D.W.G.  are  given. 


PHYSICAL  OPTICS 

The  described  D.W.G.  are  designed  applying 


the  principles  of  Geometrical  Optics. 

Some  of  these  D.W.G.  have  been  successful¬ 
ly  tested,  nevertheless  the  design  based  on  the 
geometric  model  gives  results  which  can  diverge 
in  some  case  from  desired  values.  More  precise 
calculation  on  experimental  basis  has  to  be  car 
ried  out. 

Briefly  some  significative  phenomena  are 
taken  into  account. 

-  Detonation  Velocity  Transient. 

In  the  initiation  point  and  in  the  surface  se¬ 
parating  two  different  explosive  media,  the  de^ 
tonation  velocity  generally  does  not  assume 
abruptly  the  steady-state  value  related  to  the 
considered  explosive,  but  reachMgradually  the 
final  value  with  a  transient  which  lastsfor  a 
given  interval  A*  •  In  Fig.  10  a  section  of 
cylindrical  charge  composed  of  two  homogeneous 
explosives  is  shown,  in  the  diagram  below  the 
transients  related  to  initiation  point  I  and 
to  separation  surface  S*  are  indicated  with 
dotted  line. 

If  the  intervals  Axtand  Axt  are  small,  the 
discontinuous  line  can  be  accepted  in  the  cal¬ 
culation  of  D.W.G.  otherwise  the  transient  ph£ 
nomena  have  to  be  taken  into  account. 

Some  transients  can  last  for  few  mm. ,  other 
transient  can  continue  for  a  greater  interval 
of  space  (several  cm.)  as  in  A.N.  explosives. 


Fig.  10  -  Detonation  Velocity  Transient 

-  Detonation  Velocity  Related  to  the  value  of 
Curvature  Radius  of  the  wave  front. 

The  detonation  velocity  Vp  is  function  of  the 
radius  of  curvature  r  of  the  wave  front. 

In  the  implosion  for  small  r,  VD  can  assume 
values  much  more  greater  than  steady-state 
value.  In  some  cases  this  fact  must  be  taken 
into  account. 

-  Mach  Bridge 

The  interaction  of  two  detonation  waves  at  a 
certain  angle  0>0«  (  is  a  critical  value  re¬ 
lated  to  a  particular  type  of  explosive) 
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TYPES  or  Z>.  I*/.  G. 


Conccfve  c/rcolar  JH  W.  G . 


<5iBli£Zf,F  (**)  (■*) 

1~  moo/ium 

r.V.  A (A.  If*  -.: 


hyper  6a  /a 

\D.  tfmHe  front 


rj- 


Concave  circular  D.  w.  G. 
(explosive  fens) 


(6) 


Straight  fine  J.  JVl  G 
(  /on  e  6  ary  lensj 


(*) 


Vy.v.ltf. 

*o-< 

_Z>.  wave  front 


Straight  /ine  -/•  U/.  G 
( ha/ f  Maxore//  fish  -  *y*J 


Gz  RT i  E i,o  Ctjo 

2*  mao/ tom  1*  me  of*  am 

y 


<az  RE-f  £  2,o  Ci,  o 


l^meJium  /&2=ito 


Gg  Bin  Ez.o  Co.4  (*)  (?) 


Sfnfi 


2* me*/ nr* 


front 


Straight  /ine  A  k/.  G 

(Const ra/neo/  type) 


Sguare  J).  W.  G. 
(Constrained  type) 


S-tdr  J>.  IV.  G. 

(Constrained  type) 


C y // hdrica/  imf>/o s/ve  P.  W. 6. 
(for  Magnetic  F/u*  Compression) 


6sRI,£,.aCo,t  (*)  (5) 
I 


Z>  Wove  front. 


Straight  /ine  A  Vx/.  <9. 
(  Configure*  t/on  typ  e ) 


G3R1i£i,c  c°.2  (*)  CsJ 


tcsMAJ-*- 


G3R  I,  £i,o  Co,i 


(*") 


Conic**/  sor force 


kyperpoio 


0-  xxfe  front 


Straight  /the  A  */•  G. 

(Configuration  type) 


G3RI,  H,,,F  (*)  (?) 

inert  mater/ai 


Conceive  circa  far  d.W.G 
n figuration  lens) 


axial  section 
Plane  A  W.  G- 

(Hybrid  type J 


G3RI,  H2l1  P0j,  (*) 

l  \ 


G2RI,  H3i,  Ct.a  (g) 

inert  materia / 

fxp/osive  fibers/~^c, 


1 

1 

P/ane  A  IV.  G 

(P/at<z  projection  type) 


1  P/ah g 


Cylindrical  imp/o  s/Ve  /).  V  G. 
(for  Magnetic  F/ax  Compression) 


<sa  ez,  Hi.iCz.o  (2) 

£*HsStaf'*v*  inert  m^rr,*/ 


Concave  Circ.  discontinuous 
D.W.G.  (Exp/  fiber  type) 


Concave  circ.  discontinuous 
A  Id-  G.  (Exp/.  Fiber  type) 


g2  er4  ciy< 


(•) 


G2J>  h  H,,F  (••) 


G2J> 


Gibl,  H,,,F 


(»)  (3) 


-V',  Gifi 


AT* 

-i _ u — i— 


(fir  co J& r  imp/o  sive  Piscont 
D.  W.G.  ( Grid  type ) 


biffrcx  ction  J).  id.  G. 


diffraction  J).  \d.  G- 


Straight  tine  A  *V  G. 
( Pi f fraction  type) 


(*)  £x per/ men  Ja/Jy  fes/ea/ 

(a  xt)  Experimentally  Jested  6y 


/he  Xul/tOr 


Fig.  9 
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can  generate  a  Mach  Bridge,  which  is  distortion 
of  the  wave  front,  travelling  at  velocity  grea¬ 
ter  than  steady-state  value. 

-  Some  phenomena  occurring  in  inert  media. 

In  Fig.  11  an  Hybrid  System  composed  of  two  ex 
plosive  cylinders  with  an  inert  cylinder  inter¬ 
posed  between  them. 

The  ideal  diagrams  t;b(*)and  Vds  Y*(*)  are  gi-ven  in 
continuous  line,  the  real  diagrams  are  shown  in 
dotted  line. 

The  shock  wave  induced  in  the  inert  material 
M,  does  not  initiate  the  explosive  E2  at  the 
abscissa  x2  but  at  certain  distance  A x' from  x 2. 
This  phenomenon  has  to  be  considered  in  some 
cases  in  the  design  of  D.W.G. 

Other  considerations  must  be  done  in  the  phe¬ 
nomena  related  with  projection  of  plates,  etc. 


Fig.  11  -  Detonation  Wave  Propagation  in  an 
Hybrid  Explosive  System 

-  Technological  qualities  of  the  explosive  me¬ 
dia  and  of  the  initiators 

The  characteristics  of  explosive  charges  (homo 
geneity,  dimensional  precision,  perfect  joint 
between  different  explosives  and  between  expLo 
sives  and  inert  media,  etc)  are  of  greatest  im 
portance  in  the  design  of  D.W.G. 

The  quality  of  initiators  (negligible  time  de¬ 
lay  and  jitter)  is  very  significant  especially 
in  D.W.G.  provided  with  several  initiating 
points. 

CONCLUSION 

The  Geometrical  Optics  model  applied  to 
detonation  represents  an  useful  tool  in  explo¬ 
sive  field.  The  applicability  of  Geometrical 


Optics  model  implies  besides  the  transposition 
of  all  which  has  been  discovered  in  other  fields 
(e.g.  :  in  optics  of  light, in  optics  of  micro- 
waves,  etc)  to  detonation  problem.  It  is  worth 
while  to  recall  that  this  method  allows  to  stu 
dy  only  the  characteristics  of  detonation  wave 
front  which  is  one  quantity  of  the  wkolephenome 
n<?n.  With  reference  to  the  model  a  general  clas 
sification  of  Detonation  Wave  Generators (D.W.G. ) 
can  be  established;  in  this  paper  a  systematic 
arrangement  in  families  of  the  D.W.G.  has  been 
attempted. 

Physical  knowledge  of  the  detonation  phe¬ 
nomenon  is  necessary  to  get  parameters  to  design 
high  characteristics  D.W.G. 
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In  previous  papers  we  have  described  how  isentropic  expansions  could  be 
measured,  and  how  an  equation  of  state  could  be  inferred  if  detonation 
velocity  as  a  function  of  density  were  also  known.  The  assumptions  were: 
(1)  that  the  fluid  was  essentially  nonreactive  once  formed;  (2)  that  the 

V  / dp\ 

GrQneisen  parameter,  J  ,  was  at  most  weakly  temperature- 

dependent;  and  (3)  that  the  C-J  hypothesis  holds. 

This  paper  compares  calculated  results  with  experiments  on  PETN  with 
the  purpose  of  testing  the  assumptions  made  in  the  previous  analysis. 
Recent  Pqj  and  detonation  velocity  measurements  are  reported  for  a 
density  range  0.25  <  p0  <  1.77. 


INTRODUCTION 


Experimental  determination  of  the  equation 
of  state  of  explosive  detonation  products  has 
been  the  subject  of  many  studies  [  1-9].  These 
studies  have  provided  in  each  case  a  proposed 
equation  which  contains  various  thermodynamic 
and  hydrodynamic  assumptions,  and  is  more  or 
less  successful  in  describing  the  input  data. 

In  [  9]  we  suggested  the  possibility  of  testing 
the  assumptions  by  performing  experiments 
which  would  provide  independent  data. 


There  are  three  assumptions  contained  in 
the  equation  of  state  given  in  [9],  First,  the 
Chapman-Jouguet  (C-J)  condition  applies  be¬ 
hind  the  detonation  front.  Next,  the  detonation 
products  once  formed  are  essentially  nonreac¬ 
tive;  and  essentially  the  same  products  are 
formed  from  pentaerithritoltetranitrate 
(PETN)  at  various  loading  densities.  This 
assumption  implies  that  the  heat  (or  energy 
Eq)  of  detonation  per  gram  is  constant. 
Finally,  we  can  neglect  the  dependence  of  the 


Grflneisen  parameter  G 


on  temperature;  i.e.,  G  =  G(V). 


This  work  was  performed  under  the  auspices 
of  the  U.  S.  Atomic  Energy  Commission. 


The  data  used  in  [9]  were  the  dependence 
of  detonation  velocity  on  density  D(pq),  and  the 
isentropic  pressures  PS(V),  which  result  from 
the  detonation  of  PETN  at  its  maximum  loading 
density,  pg(max).  To  within  the  accuracy  of 
the  data  the  resulting  equation  of  state  is 
unique. 

The  equation  given  in  [9]  is 

P  =  Pg  [G(V)/V]  (E  -  Eg),  (1) 

where 

Pg  =  A  exp  (-R1  #  V)  +  B  exp  (-R2  *  V) 

+  C/V(1+U)  (2) 

Eg  =  (A/Rj )  exp(-R1  *  V)  +  (B/R2>  exp(-R2  *  V) 

+  (CjU)(l/V°)  (3) 

and 

G( V)  =  A^l  +  tanh  A2(A3  -  p/1.77)] 

+  Bj [  1  +  tanh  B2(B3  -  p/l .77 )] 

+  Cj/cosh  [C2(C3  -  p/1.77)]  +  D1  (4) 

- 

The  formula  for  G(V)  was  given  incorrectly 
in  [9]. 
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The  coefficients  for  the  above  equations  are 
given  in  Tables  1  and  2. 


TABLE  1 

Coefficients  for  Pg(V) 


A 

7.972 

B 

0.1943 

C 

0.00601 

R1 

4.8 

r2 

1.2 

L) 

0.23 

a  sensitivity  of  ~0.3%  in  uniformity  by  meas¬ 
uring  the  film  density  with  an  accurate  densi¬ 
tometer.  A  uniformity  in  density  of  1  to  3% 
was  obtained  in  most  charges. 

PETN  detonation  pressures  were  obtained 
by  measuring  the  velocity  of  the  shock  trans¬ 
mitted  by  a  plane  detonation  wave  into  poly¬ 
methylmethacrylate  (PMMA  =  Plexiglas)  discs 
placed  against  the  face  of  the  charge  (see  Fig.  1). 
We  observed  the  transit  signals  generated  by 
the  shock  electric  effect  in  the  PMMA.  The 
shock  electric  effect  has  been  described  by 
Hayes  [17,18]. 


TABLE  2 

Coefficients  for  G(V) 


1  2  3 


A 

0.11 

15.0 

1.35 

B 

0.21 

4.5 

0.71 

C 

0.09 

7.5 

0.25 

D 

0.40 

— 

— 

We  used  the  resulting  equation  to  predict: 
(1)  C-J  pressure  as  a  function  of  density, 

P c j ( Pq ) *  (2)  expansion  behavior  of  the  detona¬ 
tion  products  of  PETN  at  various  densities, 
Ps( V)  at  pQ;  and  (3)  Tcj(pq).  We  have 
obtained  data  for  comparison  with  (1)  and  (2) 
but  will  restrict  our  attention  to  (1)  in  this 
paper. 


EXPERIMENTAL 

PETN  has  a  number  of  desirable  proper¬ 
ties  for  detonation  studies:  (1)  it  can  be  pre¬ 
pared  in  high  purity;  (2)  it  can  be  pressed  into 
handleable  charges  over  a  wide  density  range 
(from  ~0.8  g/cc  to  crystal  density,  1.77  g/cc) 
and  gently  pressed  or  shaken  in  place  to 
densities  as  low  as  0.25  g/cc;  (3)  because  of 
the  high  oxygen  content  of  PETN,  its  detona¬ 
tion  products  should  be  almost  all  gaseous;  and 
(4)  PETN  shows  negligible  diameter  effects  in 
pieces  of  convenient  size  1  to  2  in.  in  diameter. 
We  used  several  sources  of  high  purity  PETN, 
but  intermediate  and  low  density  charges  were 
best  prepared  from  carefully  recrystallized 
PETN  with  a  surface  area  of  2  to  3.6  m2/g  and 
particles  of  1.5p  in  diameter  by  2p  in  length. 

The  PETN  contained  1%  of  tripentaerithritol- 
octanitrate  (Tripeon)  which  acts  as  a  mild 
binder.  Charges  1  and  2  in.  in  diameter  and 
measuring  up  to  one  diameter  in  length  were 
pressed  in  dies  with  double  acting  rams. 

The  average  density  of  each  specimen  was 
obtained  from  weight  and  volume  measure¬ 
ments.  The  density  uniformity  along  the  axis 
of  parts  with  density  above  0.9  g/cc  was  mon¬ 
itored  by  a  radiographic  technique.  Each 
radiograph  was  calibrated  by  placing  beside  the 
specimens  a  machined  step  tablet  and  a  flat 
block,  both  of  Plexiglas,  closely  matched  to 
the  specimen  in  x-ray  absorption.  We  obtained 


Signals  recorded  with  a  high-speed  oscillo¬ 
scope  provided  accurate  measurement  of  the 
shock  arrival  time  at  each  interface  of  the  stack 
of  five  accurately  measured  PMMA  discs 
(1.27  mm  thick).  Time  measurements  were 
made  to  a  precision  of  a  few  nanoseconds.  In 
the  lowest  density  group  (0.5  g/cc  and  less), 
the  electrical  signals  were  too  weak  for  accu¬ 
rate  measurement.  For  these  specimens  the 
C-J  pressure  was  measured  by  either  a  quartz 
crystal  [19],  or  a  streak  camera  viewing  the 
PMMA  head-on  (see  Fig.  2).  In  the  latter 
method  the  shock  light  did  produce  readable 
signals  as  the  shock  crossed  each  interface. 

Three  driver  systems  were  used  to  match 
the  initiating  pressure  to  the  specimen.  We 
tested  for  detonation  stability  by  measuring 
detonation  velocity  and  pressure  as  a  function 
of  sample  length.  A  4 -in.  diameter  plane  wave 
lens  was  used  to  initiate  PETN  charges  down 
to  a  density  of  ~0.9  g/cc.  We  observed  slight 
overdrive  in  the  first  0.5  in.  of  0.9  g/cc  PETN. 
At  lower  densities  we  observed  excessive  over¬ 
drive,  and  these  pressure  measurements  were 
discarded. 


Coaxial  cable 
to  oscilloscope 

50  ohms 
Brass  pickup 

PMMA  standoff 

PMMA  (5) 
0.050  in.  ea. 

PETN 

4-in.  -diameter 
plane  wave  lens 


Detonator 


Fig.  1  -  Experimental  arrangement  for 
Pcj  measurement  by  shock  electric  effect 
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Fig.  2  -  Experimental  arrangement  for 
P^j  measurement  by  quartz  crystals 


For  the  lowest  density  charges  (0.5  g/cc 
and  less),  special  low-pressure  initiating  sys¬ 
tems  were  used.  This  system  had  an  input 
pressure  to  the  PETN  that  just  barely  exceeded 
the  threshold  for  initiation.  Because  of  the  low 
pressure  of  this  initiating  system,  half  the 
samples  failed  to  detonate.  Another  driver 
system  used  with  the  lowest  density  charges 
consisted  of  a  strongly  attenuated  8-in.- 
diameter  plane  wave  lens  (Fig.  2).  From  a 
quartz  crystal  experiment  we  estimate  that  a 
pressure  of  ~  12  kbar  was  transmitted  to  the 
PETN. 

The  distance-time  (x-t)  data  of  the  shock  in 
the  five  PMMA  discs  were  treated  in  the  fol¬ 
lowing  way  to  yield  the  Pqj  in  the  PETN.  Be¬ 
cause  of  the  gradual  decay  of  the  velocity  of  the 
shock  as  it  passes  through  the  PMMA,  the 
initial  shock  velocity  (Usor  at  x  =0)  was  calcu¬ 
lated  by  fitting  the  six  x-t  points  to  the  quad¬ 
ratic  equation, 

x  =  a  +  bt  +  ct^.  (5) 

The  values  of  USOr  are  listed  in  Table  3.  Det¬ 
onation  pressures  in  the  PETN  were  calculated 
using  the  impedance  matching  equation: 

PCJ  =  +  <6) 

where  P^t,  Po*  and  D  are  the  Pressure>  den¬ 
sity,  and  detonation  velocity  of  the  explosive 


sample;  and  pr,  UpQr,  and  Usor  are  density, 
particle  velocity,  and  shock  velocity  at  x  =  0  of 
the  reference  PMMA.  The  density  of  the 
PMMA  used  was  1.180  g/cc. 

As  described  below,  D  was  calculated 
from  Eq.  (7),  Usor  was  extrapolated  from 
shock  velocity  measurements,  and  Upor  was 
obtained  from  one  of  the  three  Hugoniots  for 
PMMA  given  in  Table  4.  Selection  of  the 
Hugoniot  depended  on  the  value  of  Usor. 

For  the  shots  with  a  quartz  crystal  detec¬ 
tor,  we  used  the  calibration  and  quartz  Hugoniot 
of  Graham,  Neilson,  and  Benedick  [19]  to  con¬ 
vert  the  observed  voltage  into  the  shock  param¬ 
eters  required  in  the  impedance  matching  equa¬ 
tion.  The  pressure  data  are  listed  in  Table  3. 

Detonation  velocities  were  measured  in 
several  ways,  but  not  all  are  equally  valid.  In 
each  pressure  experiment  using  the  shock 
electric  effect,  a  signal  was  automatically  re¬ 
corded  as  the  shock  front  crossed  the  entrance 
and  exit  face  of  the  PETN  charge.  This  transit 
time  gave  an  average  detonation  velocity  which 
included  the  transient  behavior  near  the  initi¬ 
ated  end.  Indeed,  with  a  4-in. -diameter  plane 
wave  lens  the  0.5  in.  long  charges  showed  un¬ 
derdrive  at  1.76  g/cc  and  overdrive  at  0.9  g/cc. 

It  was  believed  that  these  measurements 
did  not  yield  sufficiently  reliable  detonation 
velocities.  Therefore,  a  number  of  rate 
sticks  were  fired.  In  addition,  measurements 
were  made  in  the  cylinder  test  [5]  in  which  a 
1-in.  diameter  column  of  PETN  charges  was 
confined  in  a  copper  tube  with  0.1 -in.  wall. 
Piezoelectric  pins  accompanying  the  quartz 
crystal  experiments  also  yielded  velocity  data 
at  p  =  0.25  g/cc.  Detonation  velocities  from 
our  rate  stick  and  cylinder  test  measurements 
and  from  other  investigators  are  listed  in 
Table  5.  These  data  were  fitted  with  three 
linear  segments  intersecting  at  p  =  0.8  and 
1.65  g/cc.  The  resulting  equations  are: 

D  =  4.78  +  2.725  (p  -  0.8),  p  <  0.8,  mm/psec 

D  =  4.78  +  3.70  (p  -  0.8), 

0.8  <  p<  1.65,  mm/psec 
D  =  7.92  +  3.05  (p  -  1.65),  p  >  1.65,  mm/psec 

(7) 

In  Fig.  3  we  can  see  the  relationship  of  the 
collected  experimental  D(pg)  data  compared  to 
the  best  fit  Eq.  (7)  above.  Detonation  veloci¬ 
ties  calculated  from  the  above  best  fit  equation 
are  listed  in  column  3  of  Table  3  and  were  used 
in  the  calculation  of  detonation  pressure. 

We  estimate  the  overall  uncertainty  in 
P(-j  to  be  about  5%  except  for  pn  <  0.5, 
where  it  may  be  as  large  as  20%. 

RESULTS  AND  DISCUSSION 

Figure  3  shows  the  D(pg)  data  and  the  cal¬ 
culated  curve  produced  by  the  equation  of 
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TABLE  3a 

PETN  Experimental  Detonation  Pressures,  This  Work 


Density 

(g/cc) 

Dimensions 
of  PETN 
Diameter 

X  Length 
(in.) 

Detonatio|i 

Velocity ' 

/  mm  \ 

Ipsec/ 

Shock 

Velocity 

U 

sor 

/  mm  \ 

\nsec) 

Detonation 

Pressure 

PCJ 

(kbar) 

Shock  Electric  Effect  Measurements 

1.764 

2  X  0.5 

8.28 

6.97 

334 

1.763 

1  X  0.5 

8.27 

6.92 

328 

1.763 

1  X  0.5 

8.27 

6.93 

330 

1.763 

1  X  1 

8.27 

7.02 

338 

1.763 

2  X  0.5 

8.27 

6.96 

332 

1.763 

2  X  1 

8.27 

7.01 

338 

1.762 

2  X  1 

8.27 

6.97 

333 

1.762 

2  X  1 

8.27 

7.03 

340 

1.758 

1  X  1 

8.26 

6.95 

331 

1.71 

1  X  1 

8.11 

6.79 

305 

1.71 

1  X  1 

8.11 

6.84 

309 

1.71 

1  X  1 

8.10 

6.82 

307 

1.70 

1  X  1 

8.08 

6.82 

306 

1.70 

1  X  1 

8.06 

6.80 

303 

1.69 

1  X  1 

8.03 

6.81 

302 

1.60 

1  X  1 

7.76 

6.56 

264 

1.60 

1  X  1 

7.74 

6.58 

265 

1.59 

1  X  1 

7.71 

6.51 

256 

1.53 

1  X  1 

7.49 

6.18 

223 

1.46 

1  X  1 

7.22 

5.98 

197 

1.45 

1  X  1 

7.18 

6.15 

208 

1.44 

1  X  1 

7.14 

6.04 

199 

1.38 

1  X  1 

6.91 

5.78 

173 

1.23 

1  X  1 

6.38 

5.45 

136 

1.23 

1  X  1 

6.37 

5.41 

133 

1.23 

1  X  1 

6.37 

5.45 

136 

1.23 

1  X  1 

6.37 

5.54 

141 

1.23 

1  X  1 

6.36 

5.54 

141 

1.23 

1  X  1 

6.36 

5.53 

140 

0.99 

1  X  0.5 

5.48 

4.91 

87 

0.95 

1  X  0.5 

5.33 

4.92 

84 

0.93 

1  X  1.5 

5.27 

4.67 

73 

0.93 

1  X  1 

5.26 

4.76 

76 

0.93 

1  X  1.5 

5.25 

4.61 

70 

0.89 

1  X  1 

5.10 

4.70 

71 

0.88 

1  X  1 

5.06 

4.62 

68 

Optical  (Smear  Camera)  Measurements 

0.48 

1.5  X  1 

3.91 

3.72 

24 

0.30 

1.5  X  0.5 

3.43 

3.45 

14 

0.29 

1.5  X  1 

3.38 

3.48 

15 

0.27 

1.5  X  0.5 

3.33 

3.18 

6 

Quartz  Crystal  Measurements 

Density 

(g/cc) 

Dimensions 
of  PETN 
Diameter 

X  Length 
(in.) 

Detonation 

Velocity 

mm 

psec 

Pressure 
in  Quartz 
(kbar) 

Detonation 

Pressure 

PCJ 

(kbar) 

0.25 

1.75  X  1 

3.28 

16 

8 

0.25 

1.75  X  1 

3.28 

13 

7 

0.25 

1.75  X  1.5 

3.28 

12 

7 

||  || 

Obtained  from  3 -segment  best  fit  equations  for  Detonation  Velocity  (see  text) 


425 


Hornig,  et  al 


TABLE  3b 

PETN  Experimental  Detonation  Pressures, 
Other  Work 


Density 

(g/cc) 

Detonation 

Velocity 

(mm/jusec) 

Detonation 

Pressure 

PCJ 

(kbar) 

Ref. 

1.77 

8.50 

340 

[14] 

1.77 

8.31 

320 

[  9] 

1.67 

7.97 

300 

[16] 

1.66 

8.10 

246 

[15] 

1.65 

7.92 

305 

[23] 

1.51 

7.42 

187 

[15] 

0.95 

5.30 

64 

[15] 

state  [9].  Since  pUDlication  of  our  earlier 
paper  more  velocity  data  have  been  obtained 
requiring  some  adjustment  of  the  D(p0)  fit. 
However,  the  resulting  adjustment  in  our  equa¬ 
tion  of  state  is  not  significant  for  the  compari¬ 
sons  we  shall  make.  For  this  reason,  and  for 
consistency,  we  have  retained  the  coefficients 
published  previously. 

We  show  in  Fig.  4  the  dependence  of  P^J 
on  density  as  measured  here  and  elsewhere  and 
the  dependence  as  calculated  in  [9].  The  P^j 
for  the  basis  isentrope  (pg  =  1.77)  should  be  re¬ 
vised  from  320  to  335  kbars,  a  change  which 
would  remove  the  discrepancy  in  Pcj^PO^  f°r 
Pq>1.6,  but  as  in  the  case  of  the  D(pq)  depend¬ 
ence,  we  have  retained  the  earlier  value. 

The  C- J  condition  has  been  experimentally 
investigated  by  Rivard  and  Venable  [10]  who 
found  it  valid  for  Composition  B.  Calculated 
values  presented  here  based  on  the  C-J  hypoth¬ 
esis  are  in  agreement  with  experiment.  We 
can  say  at  least  that  there  is  no  contradiction 
to  the  C-J  hypothesis  based  on  our  results. 

The  remaining  two  assumptions  are  not 
wholly  separable,  but  a  parameter  study,  shown 
in  Figs.  5  and  6,  gives  some  indication  of  their 


effect  on  Pcj^Po;  ancl  LKp())*  Curve  A  is  cal¬ 
culated  for  G'  =1.2  G.  Curve  B  represents  a 
situation  where  Eq  decreases  linearly  with 
density  from  the  normal  value  of  0.057  at 
Pq  =  1.77  to  0.037  at  pq  =  0.  The  experimental 
data  lie  within  these  limits. 


TABLE  4  * 

PMMA  Hugoniots 


Range 

Source 

P 

U 

D 

U 

s 

Equation 

(kbar) 

(mm/psec)  (mm/psec) 

[20]  Barker,  Hollenbach 

0-35 

0-0.8 

2. 7-3. 7 

U  =  2.745  + 
s 

3.537  U  -  8.834  U2  +  8.361  U3 

P  P  P 

U  =  36.70  - 
P 

34.155  U  +  10.347  U2  -  1.010  U3 
s  s  s 

[21]  Compendium -2 A 

35-200 

0.8-2.55 

3.7-6.45 

U  =  2.510  + 
s 

1.545  U 

P 

[22]  Compendium -3A 

200-700 

2.55-5.7 

6.45-10 

U  =  3.167  + 
s 

1.30  U 

P 

PMMA  density  =  1.180  g/cc 
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TABLE  5a 

PETN  Experimental  Detonation  Velocities, 
This  Work 


Density 

(g/cc) 

Detonation 

Velocity 

(mm/psec) 

Density 

(g/cc) 

Detonation 

Velocity 

(mm/psec) 

Pin  Switch  Measurement 

* 

1.773 

8.30** 

1.27 

6.66** 

1.765 

8-28** 

1.26 

6*7  6** 

1.765 

8.16* 

1.09 

5.83..* 

1.765 

8.24* 

1.09 

5.83; 

1.763 

8.27* 

0.55 

3.85. 

1.762 

8.25* 

0.25 

3. 18' 

1.762 

8.26** 

0.25 

3.14 

1.51 

1.51 

7.44** 

7.49 

0.25 

3.22 

Shock  Electric  Effect  Measurement 

1.71 

8.00 

1.23 

6.48 

1.71 

8.00 

1.23 

6.50 

1.71 

8.08 

1.23 

6.46 

1.70 

8.03 

1.23 

6.46 

1.70 

7.96 

1.23 

6.46 

1.69 

7.97 

1.23 

6.43 

1.60 

7.74 

0.99 

5.52 

1.60 

7.74 

0.95 

5.41 

1.59 

7.69 

0.93 

5.31 

1.53 

7.51 

0.93 

5.33 

1.46 

7.41 

0.93 

5.15 

1.45 

7.26 

0.89 

5.20 

1.44 

1.38 

1 _ 

7.20 

7.07 

0.88 

5.17 

* 

Unconfined  rate  stick 


Cylinder  test 

^All  other  data  are  detonation  pressure 
experiments 


TABLE  5b 

PETN  Experimental  Detonation  Velocities, 
Other  Data 


Detonation 

Density  Velocity  R  f 
(g/cc)  /  mm  \ 

Vpsec/ 

Detonation 
Density  Velocity 
(e/cc)  /  mm  \ 
Usee/ 

Ref. 

1.77 

8.50 

[14] 

1.03 

5.62 

[in 

1.73 

8.35 

[11] 

1.00 

5.55 

[12] 

1.67 

7.97 

[16] 

0.97 

5.33 

[11] 

1.66 

8.10 

[15] 

0.95 

5.30 

[15] 

1.65 

7.92 

[23] 

0.95 

5.35 

[13] 

1.62 

7.91 

HU 

0.80 

4.76 

[12] 

1.60 

7.92 

[12] 

0.75 

4.71 

[11] 

1.51 

7.42 

[15] 

0.50 

3.90 

[12] 

1.51 

7.42 

[11] 

0.50 

3.97 

[U] 

1.40 

7.13 

[12] 

0.32 

3.53 

[11] 

1.37 

6.97 

[11] 

0.30 

3.55 

[11] 

1.22 

6.36 

[11] 

0.30 

3.42 

[11] 

1.20 

6.34 

[12] 

0.24 

3.20 

[11] 

As  can  be  seen  in  Fig.  5,  the  difference 
between  the  basis  isentrope  PS(V)  at  Pq  1.77, 
and  Pcj(P())  never  more  than  15  kbar.  For 
Pq  <  0.6,  of  course,  this  difference  is  a  major 
fraction  of  the  total  pressure. 

CONCLUSION 

The  Pcj^Po)  dependence  is  not  a  severe 
test  of  the  assumptions  regarding  G  and  Eq. 
However,  the  experimental  confirmation  of  the 
Pcj(Po)  dependence  is  encouraging  and,  more¬ 
over,  essential  to  the  interpretation  of  the 
more  crucial  experiments  on  PS(V)  at  lower 
loading  densities. 

Refinement  of  the  D(pq)  dependence,  es¬ 
pecially  at  low  density,  and  confirmation  of 
both  Pcj(P(P  and  Ps^V)  should  make  it  pos¬ 
sible  to  calculate  reliable  temperatures  of  the 
detonation  products  of  PETN  (using  methods 
described  in  [9] ).  We  intend  to  present  the 
results  of  the  expansion  experiments  at  lower 
PETN  densities  and  the  temperature  calcula¬ 
tions  in  a  future  publication. 
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VAPORIZING  OF  URANIUM  AFTER  SHOCK  LOADING 


Ph.  de  Beaumont 

Commissariat  a  l'Energie  Atomique  -  Paris 
and 

J •  Leygonie 

Centre  d*Etudes  de  Gramat  -  Lot 


An  explosive  device  based  on  the  principle  of  a  conical  implo¬ 
sion  achieves  generating,  in  uranium  and  copper  samples,  plane 
and  steady  shock  waves,  the  strength  of  which  reaching  up  to 
15  Mbars  in  uranium.  Both  shock  velocity  and  free  surface  velo¬ 
city  in  air  have  been  measured  simultaneously.  Different  equa¬ 
tions  of  state  have  been  tried  to  interpret  the  experimental 
results  of  uranium  ;  only  an  equation  of  state  of  liauid  type 
restore  these  results  along  with  those  previously  obtained  up 
to  2  Mbars.  Furthermore,  the  free  surface  velocity  observed  for 
15  Mbars  in  uranium  imply  a  complete  vaporizing  during  the  ex¬ 
pansion. 


INTRODUCTION 

The  state  of  matter  is  adequately 
known  in  the  range  of  pressures  close  to 
1  Mbar  where  it  is  sufficient  to  have  a 
good  potential  (crystalline  metal)  and 
use  the  Mie-Grunei sen  relation  between 
thermal  pressure  and  energy.  In  the  ran¬ 
ge  of  very  high  temperatures  the  eoua- 
tion  of  state  of  Thomas-Fermi  are  then 
very  appropriate. 

Here,  it  has  been  tried  to  reach 
experimentally  an  intermediate  domain 
of  pressure  and  temperature  s  the  expe¬ 
riment  consists  of  focussing  a  conical 
nappe  of  shock  into  a  plane  Mach-bridge 
of  high  strength  (more  than  15  Mbars); 
the  theory  shows  that  the  simple  descrip¬ 
tion,  by  Mie-Gruneisen ,  of  thermic  terms 
is  no  more  valid,  and  therefore  it  is  not 
possible  yet  to  use  Thomas-Fermi ' s  equa¬ 
tions.  The  state  of  matter  will  be  des¬ 
cribed  with  an  equation  of  liquid  state, 
thus  allowing  for  continuous  change  from 
solid  phase  to  gaseous  phase  which  have 
been  met  when  loading  uranium  and  then 
expanding  it  into  atmosphere. 

EXPERIMENTAL  DEVICE 

The  device  in  question  is  a  conical 
implosion  generator  represented  on  Fig.  1 


Fig.  1  -  Conical  implosion  generator 
.  (strength  =  11  Mbars) 

The  impact  of  the  conical  tamper  of 
copper  (2  mm  width)  on  a  target  of  same 
nature  generates  a  converging  conical 
shock  nappe  resulting  in  a  Mach  bridge 
on  the  axis.  The  diameter  of  the  Mach 
bridge  is  close  to  10  mm  in  the  plane  of 
the  support  of  the  sample,  thus  enabling 
to  measure  dynamic  pressures  of  11  Mbars 
in  copper.  A  modified  version  allows  to 
reach  18  Mbars,  but  it  was  not  neceasary 
to  use  it  to  get  a  complete  vaporizing 
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of  uranium  ifter  shock  loading.  The  sam¬ 
ple  is  a  oellet  2  ram  high  and  6  ram  diame¬ 
ter,  then  smaller  than  the  diameter  of 
the  Mach  bridge  which  behaves  as  an  iso¬ 
lated  olane  w  ve  with  regard  to  the  sam¬ 
ple  . 

A  large  number  of  shots  were  achie¬ 
ved  in  different  samnles  of  solids  and 
transoarent  liouids  of  variable  width  in 
order  to  check  the  steadiness  of  shock 
waves  generated  by  Mach  bridges,  Tbe  mea¬ 
sured  defects  of  steadiness,  on  samnles 
varying  from  1  to  ^  mm  in  width,  were  ne¬ 
ver  over  ±  1 .8  %  on  shock  velocities, 
which  is  inside  the  range  of  accuracy  of 
the  measurement  itself.  Then  the  steadi¬ 
ness  defects  are  not  noticeable. 

METHOD  OF  MEASURE ' ENTS  AND  OBTAINED 
RESULTS 

The  m^^sures  a^e  carr^douthv  ^nti  — 

O  f)  1  "1(3  0*10  .  .  r>  #  ‘‘  V  4  rrV»  ki  -  1  +•  r>o  Jr 

Carne^0  T'T*;  tb  -H  -n  r^nr,  The  pnalv^is 

n  r  f  i  "l  n  p  r'pn’^T’f'  ''Avpi’n]  a  np  °  r  n  tu  S  a  a  • 

t. ° l  e ■>*r' ~  ^ r ,  m •?  r  rom e  t ri r*  mi  f  "i"  f*ro- 

de n s i  t cm 0 1 ° r  t  i  sodarsi.  tv—  reco  rder  • 

Th»  ctrnplr  c^^em  observes  a  diame¬ 
ter  of  the  samnle  through  a  olate  of  nle- 
xiglass  Dlaced  at  a  determined  distance 
from  the  free  surface.  On  the  film,  are 
recorded  in  this  order  the  following 
events  : 

-  shock  emergence  on  the  ulane  bea¬ 
ring  the  sample, 


The  scrttering  of  experimental  results 
around  the  mean  value  is  : 

A»  +  All 

for  uranium  -  =  -  2.5  %  — -=  -  1.5 

11  us 

A"  +  Aus  + 

for  Conner  —  =  -  2.9  %  — =  -  1.7% 


The  reason  of  this  scattering,  es¬ 
sentially  due  to  difficulties  in  analysis 
of  records,  is  given  in  the  following  para¬ 
graph  . 

ANALYSIS  OF  EXPERIMENTAL  RESULTS 

Measure  of  U  (shock  velocity) 

The  method  of  measurement  is  shown 
of  Fig.  2  on  a  record  of  streak  camera. 


Fig.  2  -  Record  of  streak  camera 


-  shock  emergence  on  the  free  surfa¬ 
ce  of  the  sample, 

-  phenomena  connected  to  the  impact 
of  the  sample  on  the  plexiglass  plate. 

The  procedure  of  analysis  of  films 
will  be  examined  in  the  next  paragraph. 

15  shots  were  achieved  for  each  me¬ 
tal.  A  certain  number  of  shots  had  to  be 
ra.iectPd  due  to  the  following  reasons  : 


-  uncorrect  centering  of  Mach  bridge 
on  the  sample, 


-  perturbation  of  the  plexiglass  pla¬ 
te  before  impact  by  lateral  .jets, 
most  of  the  time  in  case  of  unccr- 
rect  centering. 


The  value  given  for  the  couple  U, 
shock  velocity  ,  free  surface  velocity, 
is  the  mean  of  the  non-re ,i ec ted  shots  : 


for  uranium 


U  =  11  790  ra/s 
Us  =  16  500  m / a 


for  copper 


U  =  15  850  m/s 
Us  =  20  640  ra/s 


The  Mach  bridge  occuring  in  the  pla¬ 
ne  bearing  the  sample  is  limited  by  dia¬ 
meter  AD.  The  major  part  of  the  trail  is 
shadowed  by  the  pellet.  The  wave  is  sligh¬ 
tly  concave,  with  a  mean  rise  of  16  ns, 
varying  i  6  ns  from  one  shot  to  the  other. 
U  is  measured  straight  above  E  and  F, 
points  limiting  the  zone  undisturbed  by 
the  lateral  expansion  at  the  time  of 
shock  emergence.  The  middle  of  segmental! 
is  considered  as  the  most  probable  ins¬ 
tant  for  shock  emergence  straight  above 
E  and  F.  This  method  of  interpolation  has 
been  checked  by  means  of  a  number  of  shots 
in  transparent  samples  for  which  the  time 
interval  obtained  from  interpolation  can 
be  compared  to  the  real  time  interval. 

It  is  verified  that  the  maximum  range  of 
error  is  i  4  ns.  For  a  sample,  2  mm  high, 
the  measured  time  interval  varies  from 
200  ns  to  100  ns  when  U  varies  from  . 

10  000  m/s  to  20  000  ra/s,  so  that  error— 77 
+  4+4  U 

varies  from  “ —  to  3 — ,  i.e.  from  -  2  % 

200  100 

to  -  4 

The  analysis  gives  the  following 
results  for  U  (m/s)  j 
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URANIUM 

COPPER 

Shot  N° 

U  (m/s) 

Shot  N c 

U  (m/s) 

3224 

11  680 

3191 

15  870 

3231 

11  710 

3192 

15  580 

3233 

11  760 

3200 

16  240 

3234 

11  890 

3211 

16  270 

3236 

12  000 

3212 

15  360 

3238 

11  990 

3603 

15  450 

3599 

11  650 

3607 

16  080 

3600 

11  610 

3617 

15  870 

3601 

12  150 

3622 

16  190 

3618 

11  490 

3620 

12  000 

3621 

11  670 

departure  of  free  surface  and  at  the  im¬ 
pact  on  the  plate  of  plexiglass  are  essen¬ 
tially  different  and  need  be  analysed  se¬ 
parately. 

At  the  departure  of  free  surface,  a 
high  strength  shock  is  communicated  to 
air.  The  saturation  rise  time  of  lumino¬ 
sity  is  nhysically  negligible,  because 
this  shock  being  very  intense,  the  mean 
free  oath  of  ohotons  in  the  eauilibrium 
zone  is  of  the  order  of  5  ns  in  visible 
light,  i.e.  a  rise  timg,  at  the  shock  ve¬ 
locity  of  23 j/Ul ns,  of  ^  =  0.2  ns. 

On  the  contrary,  diffusion  of  light 
in  the  emulsion  and  the  width  o^  the 
streak  give  way  to  a  smooth  rise  of 
blackening  on  the  film. 


i.e.  for  uranium  U  =11  790  m/ s 

mean 

At  =  170  ns 

mean 

Au  +  4 

-  theoretical  =  -  -  = 

U  170 

+  2.35  # 

Au 

- experimental  =  +  2.5  $ 

U 

for  copper  U  =15  850  m/ s 

r r  moon 


The  intensity  of  radiation  has  the 
shape  shown  on  Fig.  3  a.  The  illumination 
of  the  film,  as  a  conseouence,  has  the 
shape  of  Fig.  3  b. 


Departure 
time  of  free 
Surface 


image 

position 


Fi»3o 


Fig.  3b 


At 


mean 


126  ns 


Fig.  3  a  and  3b-  Intensity  and  illumi¬ 
nation 


Au 

theoretical 

U 


4 


~  126 
+  3.18  % 


Au 

—  experimental  =  +  2.9 
U 

Au 

The  agreement  between  -  theoretical 

Au  U 

and  -  experimental  is  good.  One  has  to 

U 

notice  that  the  trails  characterizing  ar¬ 
rival  and  emergence  of  shock  in  pellets 
are  defined  on  the  film  as  beginnings  of 
zones  very  impressed.  They  do  not  corres¬ 
pond  to  the  exact  time  of  arrival  of  these 
events,  because  of  diffusion  of  light  on 
both  sides  of  the  streak  of  the  camera  un¬ 
der  high  luminosity.  Therefore  for  U  the 
phenomenon  is  identical  on  both  sides  of 
the  time  interval  to  measure,  this  not 
being  the  case  for  U„,  free  surface  velo- 
ci  ty. 


This  illumination  is  diffused  accor¬ 
ding  to  the  formule 


if  A(|x  -  5  |)  is  the  percussional  respon¬ 
se  of  emulsion,  which  is  taken  as  : 

A  (  |  x  -  £|)  =  e"  -?l/r°  with  r0  =  40y^ 

for  Tri  X  400  ASA  film,  used  in  dynamic 
conditions . 

The  film  blackening  is  given  by 
d  ( x )  =  c  +  y  log  E’(x)  with  y^l.  Fig.  4  a 
finally  shows  the  blackening  curve  com¬ 
puted  for  free  surface  departure,  as  well 
as  the  streak  position  at  same  time  ; 

Fig.  4  b  shows  the  curve  experimentally 
obtained  with  a  microdensitometer  giving 
magnification  1000. 


Measure  of  U„ 

The  phenomena  occuring  at  the 
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Fig.  4b-  Experimental  blackening 

Agreement  is  excellent  and  the 
streak  position  is  so  far  well  determined 
with  respect  to  the  rise  front. 

At  the  time  when  free  surface  impacts 
the  plexiglass  plate,  the  luminous  pheno¬ 
mena  appearing  are  complex  as  shown  by- 
recording  Fig.  5  a  and  related  microden- 
sitogramme  Fig.  5  b. 


Fig.  5b-  Microdensi to  gramme  of  previous 
recording 

These  phenomena  can  be  explained  in 
the  following  way  s  in  the  case  of  copper, 
free  surface  moves  with  velocity  of 
20  650  m/ s  and  the  shock  wave  created  in 
air  moves  with  velocity cf  23  250  m/s, 
which  brings  air  to  temperature  of 
45  000  °K.  The  luminous  emission  radia¬ 
ting  from  the  front  is  very  important, 
the  maximum  being  for  hi)  =  11  eV. 

The  effect  of  radiation  flux  on  ple¬ 
xiglass  plate  varies  largely  with  respect 
to  time  ;  in  fact,  the  width  of  the  cold 
air  gap  between  plate  and  shock  front  in 
air  dwindles  rapidly  which  allows  for 
more  and  more  UV  photons  of  high  energy 
reaching  the  plate  ;  they  will  be  absor¬ 
bed  in  a  layer  of  a  few/;width  whioh  will 
be  more  and  more  disturbed,  partly  from 
vaporizing  ;  so  the  interface  will  be  mo¬ 
re  and  more  opaque  for  visible  radiation. 
Then  this  effect  is  responsible  for  part 
-  0  on  densi togramme  of  Fig.  5  b. 


Fig.  5  a  -  Recording  of  streak  camera  in 
copper 


In  0,  air  shock  reaches  the  plate 
and  is  reflected,  bringing  the  air  tem¬ 
perature  from  45  000  °K  to  70  000  °K, 
multiplying  by  1.7  the  radiation  inten¬ 
sity  in  visible,  increasing  the  blackening 
by  0.23  d.  The  blackening  peak  is  widened 
by  diffusion.  The  peak  is  followed  by  a 
rapid  absorption  of  light  according  to 
branch  0-1  which  is  imputed  once  more 
to  an  interface  effect,  but  of  different 
nature  that  the  previous  one  :  compres¬ 
sion  up  to  20  Kb,  corresponding  to  the 
reflected  air  shock  on  one  hand,  direct 
thermic  conduction  at  the  interface  on 
the  other  hand.  The  result  of  it  is 
"metallisation”  of  a  very  thin  layer  of 
increasing  width.  Opacity  increases  regu¬ 
larly,  excluding  any  other  phenomena  du¬ 
ring  the  8  ns  necessary  for  the  return 
travel  of  air  shock  from  plate  to  free- 
surface  and  back.  But  from  the  reflexion 
on  the  plate  of  second  air  shock,  increa¬ 
se  of  pressure  and  temperature  of  it  goes 
terribly  rapid  :  it  disposes  only  of  3  ns 
to  rise  from  20  Kb  to  1.5  Mb.  The  lumi¬ 
nous  intensity  rises  very  rapidly  to  point 
2  (Fig.  5  b)  of  densi togramme ,  correspon¬ 
ding  to  impact  time  of  free  surface. 
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i.e.  at  time  of  maximum  compression  of 
air  at  interface.  The  middle  of  streak 
is  in  2  at  impact  time,  because  this  point 
is  at  the  top  of  a  diffusion  peak.  From 
the  impact  time,  a  mechanical  shock  of 
1.5  Mb  intensity  is  generated  in  plexi¬ 
glass  of  which  coefficient  of  absorption 
k  ,  in  visible  is  largely  increased  un¬ 
der  such  a  compression.  If  I 2  is  the  air 
luminosity  at  interface  at  impact  time 
t^  ,  Uy  the  shock  velocity  in  glass,  u^. 
the  particle  velocity  in  glass,  equal  to 
interface  velocity,  t  time,  luminosity  at 
time  t  is  given  by  : 

I2  e  k»(UV  "  V(t  ”  t2^ 

It  is  necessary  to  add  the  self¬ 
luminosity  of  plexiglass  brought,  by 
shock,  to  a  high  temperature  close  to 
10  000°K.  This  luminosity  at  time  will 
be  given  by  : 

I  (T)(l  -  e  k'^  ^Uv  ~  “  *2^) 

c 

where  I  (t)  is  the  brilliancy  of  black 
body  at  temperature  T.  On  the  whole,  from 
instant  t^,  point  2  Fig.  5  b,  the  lumino¬ 
sity  is  given  by  : 

I(t)  =  I2  .  -  k'^  <UV  -  V(t  -  t2)  + 

Ic(t)(i  -  e  k'v  ^Uv  -  uv)(t  -  *2^) 

Such  a  function  presents  the  charac¬ 
teristic  shape  of  branch  2-3-4  with 
following  stage  of  Fig.  5  b. 

Between  2  and  3  term  I^  is  preponde¬ 
rant  but  dwindles.  In  3  term  I  is  of  same 
order  as  I 2»  Between  3  and  4  term  I  is 
preponderant  and  increases.  In  4  we  have 
1 

(U  -  u  )(t  -  t „ ) - -  ,  the  term  I  alo- 

v  v  4  *  k  yjj 

ne  is  noticeable  and  keeps  constant  later 
on  :  light  from  the  interface  does  not  get 
across  the  plexiglass  any  more,  the  shocked 
layer  of  plexiglass  is  optically  thin  for 
its  own  radiation  and  emits  as  a  black  bo¬ 
dy. 


As  a  consequence  of  the  previous  ana¬ 
lysis,  the  position  of  the  middle  of  the 
streak  is  well  determined  on  densitogram- 
me  at  impact  time  of  free  surface.  If  it 
is  equally  known  at  departure  due  to  dif¬ 
fusion  correction,  free  surface  velocity 
is  precisely  measured,  even  for  flight 
time  as  short  as  100  ns.  Experiment  con¬ 
firms  this  fact  as  shown  by  the  small 
scattering  of  results  of  following  table  : 


URANIUM 

COPPER 

Shot  N° 

Ug(m/s) 

Shot  N° 

Us(m/s) 

3235 

3236 
3238 

16  300 
16  300 
16  900 

3191 

3192 

3211 

3212 

20  480 
20  300 
20  800 
21  000 

For  uranium 


For  copper 


experimental 


experimental 


-  1.5  % 

-  1.7  % 


One  notices  the  small  number  of  ana¬ 
lysed  recordings  :  this  is  due  to  the 
difficulty  of  achieving  an  undisturbed 
recording  for  plexiglass  plate  ;  it  comes 
either  from  lateral  precursors  in  case  of 
a  sligthly  eccentric  wave,  or  from  front 
precursors  in  case  of  sample  the  surface 
of  which  is  not  microscopically  perfect. 


It  is  possible,  besides,  to  get  an 
approximate  measurement  of  air  shock  ve¬ 
locity  with  point  0  :  in  copper  this  gi- 
ves  (for  Us  =  20  640  m/s  ±  1.7  %)  s 


air, experimental 


=  22  910  m/s  ±  2.6  ?i). 


Theoretical  calculations  taking  into 
account  dissociation  and  ionisation  gives 
for  the  same  value  of  ,  the  value  : 

Uair, theoretical  =  23  250  ra/S* 

which  differs  from  U  .  ,  -  only 

a  l  r ,  e  x  o  e  r  1  ™  n  t  a  1 


by  -  1.47 


agreement  is  satisfactory. 


In  uranium,  a  certain  number  of  shots 
lead  to  Parasite  phenomena,  illustraded 
on  Fig.  6  a  and  6  b. 


Fig.  6  a  -  Recording  of  a  streak  camera, 
in  a  uranium  shot,  preventing 
from  measuring  free  surface 
velocity 
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Fi  er.  6b-  Micro  densi  to  gramme  of  previous 
recording 

There  is  no  intermediate  rising  of 
light  between  luminosity  fall  0-1  and 
saturation  rise  1-2  from  emission  co¬ 
ming  from  plexiglass  olate.  On  the  contra¬ 
ry  a  rather  important  increase  of  lumino¬ 
sity  is  observed  at  0.  We  impute  it  to 
the  Tvresence  of  thin  particles  e-’ectod 

from  the  frOO  -t  ti^O  O  **  nr- o-r  rr^-r  _ 

ce  of  shock,  due  to  bad  surface  state. 
These  o  rticles  would  get  ^vded  at  time 
of  reflection  of  shock  in  air,  rising  the 
luminosity  level  what  shadows  the  poste¬ 
rior  events.  These  shots  have  been  rejec¬ 
ted  automatically  from  analysis. 

At  last,  it  will  be  shown  further  on 
that  the  free  surfaces  vaporize  at  emer¬ 
gence  of  shock.  This  would  bring  a  consi¬ 
derable  difficulty  for  measurement  of 
their  velocities  if  expansion  occured  in 
void,  because  in  that  case  densities 
would  be  close  to  zero,  though  velocities 
are  equal  to  the  limit  speed  of  free  ex¬ 
pansion  (adiabat).  But  as  the  experiment 
is  d^ne  in  air  at  standard  conditions, 
the  air  shock  apply  a  pressure  of  a  few 
kilobars  against  free  surfaces,  suffi¬ 
cient  to  give  vapo^  a  density  around  a 
few  grammes  per  cm  depending  on  the  me¬ 
tal,  thus  allowing  a  measurement  of  velo¬ 
city  as  precise  as  with  solid  samples. 

INTERPRETATION  TRIAL  WITH  MI E-G RUNE I SEN 
EQUATION  OF  STATE 

Preliminary  calculations 

In  order  to  give  rough  estimates  of 
pressure  and  density  obtained  in  this 
experience,  we  use  the  relation  Ug  =  2  u 
(where  u  is  the  particle  velocity  behind 
shock)  which  is  valid  only  for  weak  shocks 
(isentropic)  with  expansion  in  void.  The 
conservation  equations  s 

PqU  =  f(U  -  u),  (continuity)  (l) 

P  =  p^U  u,  (momentum)  (2) 


used  with  experimental  values  U  =  11  790 
m/s  and  U„  =  16  500  ra/s ,  give  P  =  18,5  Mbar 
and  63  g/cra- . 

The  expansion  taking  place  in  air 
shocked  by  emergence  of  shock  from  ura¬ 
nium  sample,  let  us  give  an  estimate  of 
air  shock  pressure  (pair^»  neglecting 

dissociation  and  ionisation,  taking 
X =  1.4  and  using  the  strong  shock  appro¬ 
ximation  : 

P  1 

—  =  -  =  6  (3) 

fo  1 


Knowing  that  u  =  U  and  elimina¬ 
ting  U  between  (l)  an?  (2),  we  obtain  s 

Pair#  3.3.  kb*r 


This  magnitude  will  be  sufficient 
to  estimate  the  expansion  amplitude  on 
the  isentropic  curves  computed  later  on. 


Mie-Griineisen  enuation 


The  specific  equation  used  was  set 
up  by  GASNISR  with  respect  to  VIARD 
(Ref.  l)  et  al.  results  for  shock  pres¬ 
sure  inferior  to  2  Mbar. 

tf(v) 

P  =  P^(v)  + - Cy-T,  for  pressure  (4) 


E  =  Er(v)  +  CyT 


(5) 


for  internal  energy. 

The  first  terms  of  (4)  and  (5)  re¬ 
present  the  internal  potential  of  metal¬ 
lic  crystal,  the  fallowing  terms  tempe¬ 
rature  (  X  being  Griineisen  parameter), 

1  C  2 

— oT  free  electrons  for  energy. 

2 


The  Pack,  Evans  and  James,  P.E.J., 
potential,  is  here  used  : 

PK(V)  =  **-2/5  [e^1  -  *l/3)  -  X]  (6) 

V 

with  x  = - 

V 

o 


The  potential  energy  from  the  ex¬ 
pression  Vv  =  -  iLtiK  and  ^  ( V )  is  given  by 
dV 

Dugdale  and  Mac  Donald  s 


V  d2(PK  V2//3)/dV2  1 

2  d(PR  V2/3)/dV  3 


(7) 
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The  P.E.J.  potential  presents  the 
difficulty  of  leading  to  an  infinite  ener¬ 
gy  of  cohesion  ;  we  keep  it , therefore ,  be¬ 
cause  for  inter-ions  distances  we  deal 
with  here,  inferior  to  three  times  the 
standard  distance,  the  potential  energy 
keeps  to  reasonable  values. 

Numerical  values  of  parameters 

(C.G.S. )  : 

Tq=300  °K,  Vq  =  0.031883, 

V  „  =  0.052632  (for  P  =  0  and  T  =  T  ) , 

On  O 

Cy  =  0.114  107,ol=  0.28567  1012, 

=  13.046,  6=  100. 

Isentropic  expansion  equation  and 

particle  velocity  increase 

Prom  the  differential  relation  of 
isentropy  dE  +  PdV=TdS  =  0,  we  get  the 
equation  in  plan  V,T  : 
r  T  /"  V  tf(v) 

6  (T  -  Th)  +  Cv  Log  - +  cv  I  -  dV  =  0 

th  Jv„  v 


subscripts  referring  to  the  point  of 
Hugoniot  curve  where  the  expansion  curve 
comes  from. 


The  differential  local  relation  of 
sound  equation 

dP  =  pc  du  (where  c  is  the  local  velocity 
of  sound) 

allows  for  obtaining  the  particle  veloci¬ 
ty  increase  in  expansion  s 

/V  Sip  1/2 

'  air  (-— )  (9) 

'»  *  S-SH 


"S  -  UH  ' 


Calculations  and  results 
Relations  (l)  and  (2)  together  with 

EH  -  Eo  =7  (Vo  -  VH>  PH  <10> 

as  well  as  the  initial  conditions  V 

oH 

PQ  =0,  Tq  =  300  °K ,  enable  to  calculate 

the  shock  state  subscripted  H,  state  cor¬ 
responding  to  the  shock  experimental  ve¬ 
locity  U  ;  along  the  isentropic  curve, 
calculated  by  numerical  integration  of  (8), 
one  deduces  the  particle  velocity  increa¬ 
se  from  Ug  to  the  state  where  pressure  is 
equal  to  air  shock  pressure  (^3.3  Kbar). 
Doing  this  does  not  lead  to  a  free  sur¬ 
face  velocity  superior  to  13.30  km/ s ,  in¬ 
ferior  approximatively  20  %  to  16.50  kra/s 
(experimental  value,  Fig.  7). 

At  this  stage,  we  have  tried  to  reach 
the  experimental  value  of  Ug  by  changing 


the  parameters  of  Mie-Griineisen  *  s  equa¬ 
tion,  within  the  accuracy  boundaries  of 
shock  states  inferior  to  2  Mbars. 

Fig.  7  shows  the  failure  of  this 
trial  in  which  we  cannot  approach  the 


Fig.  7  -  Shock  and  free  surface  veloci¬ 
ties  ( Mie-Griineisen  equation) 


Fig.  8  -  Shock  and  free  surface  veloci- 
ties(Liquid  equation) 


INTERPRETATION  WITH  AN  EQUATION  OF  LIQUID 
STATE 


Structure  of  the  equation 

We  shall  justify  later  on  the  fol¬ 
lowing  equation  : 
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3  S’  (V^  +  Z'(T,V)  c„  t 

P  =  P  (V)  +  -  -?  - 

1  +  Z'(T,V)  3  v 

V  \  l/ 2 


1  1  r / V  \  1/2 

—  —  °  l- 2/  T  for  ore 

4  Vq  0 ' V  / 


pressure 


(n) 


12+  Z'(T,V) 

E  =  E  (v)  +  -  -  C  T  + 

21+  Z'(T,Z)  V 


tf(v) 


I'i IiOff  ^"\ 

V  /  T 


together  with  Dugdale  and  Mac  Donald’s 
formula  (7)  lead  to  the  expression  of 


e'(v)  =  Cst  v1/3 


--(>  V2/3) 

dV  K 


1/2 


Cst  such  that  ^  for  V  =  V 
o  o 


for  energy 


(12) 


This  describes  more  accurately  than 
Mie-Griineisen  the  thermic  terms  of  crys¬ 
tal  and  the  free  electrons  of  metal. 


The 

E  sb 


thermodynamic  ties  : 


-(-) 

\  )  T ,  Z 


and 


-  T 


*  F 
-  (-) 
.^T  T 


V,Z 


A  similar  type  of  equation  is  to  be 
met  in  KORKER  (Ref.  2)  and  GASNIER  (Ref.  3) 
the  latter  deriving  it  from  the  partition 
function  of  a  mixture  of  free  particles 
and  harmonic  oscillators. 


Z  being  the  proportion  of  free  Parti¬ 
cles  in  specific  volume  V,  1  -  Z  the  pro¬ 
portion  of  harmonic  oscillators,  free 
energy  of  the  mixture  is  i  _  „ 

R  ,  ( 1-ZV“Z 

T  =  E„(V)  -  -T  Lor  (ZVT!3'  bH— / 

K  A  V  '  (13) 

with  :  R  ideal  gaz  constant 


A  atomic  weight 


1 

N 


lead  to  eouations  (ll)  -nd  (l2)  above. 

The  electronic  terms  identical  to 
those  of  KORMER  (Ref.  2)  use  the  heat 
capacity  coefficient  of  free  electrons  : 

1  ir2  v  r 

0 _  =  —  —  -  with  V  :  valency  (l5) 

2  A  T„ 

T„ ,  ?ermi*'<  t'*’  or*  ture  calculated  in 
Ref.  d,  giving  -r  55  (c.ft.Si.)  for 
u  ranium • 

Internal  potential  we  take  is  the 
one  of  P.E.J.  as  above,  giving  for  Debye 
temperature  a  suitable  shape  (monotone, 
decreasing  function  of  specific  volume). 

Isentropic  curve  equation 

The  differential  relation 


k  and  h,  Boltzmann  and  Planck 
constants 


ro  number 


N  total  particles  density 

x  =  — 

T 

Debye  temperature 

Z  is  such  that  free  energy  is  minimum, 

/*P\ 

i.e. I  -  I  =0  which  turns  out 

V  ^Z  '  V,T 


Z 


,3/2 


1  -  Z  B  V  ^ 


=  Z  • 


( 14 ) 


dE  +  PdV  s  TdS  =  0  gives  : 

t 

[3  t(v)  +  Z’(T,V)CV  T  V  (T,V)  C y 

(  1  +  Z  ’  ( T ,  V  )  3  V  [l  +  Z'(T,V)}  2  2 
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1  +  Z'(T,V)  2  (1  +  Z ' ( T , V) 3  2  2 

+  S  V-1/2  V1/2  t!  dT  =  0 
0  0  ) 

^Z*  3  Z»(T,V) 


“^T 


thus  defining  Z'. 

The  expression  of  Gruneisen’s  para¬ 
meter  : 


■^Z'  .  dfr' 

-  (T,V)=-Z*(TfV).(V  +30--1  — ) 

dV 
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^2/3  j'1  -  'W3> 

dV  6  V 

o 

Calculations  and  results 

With  same  method  as  above,  we  deter¬ 
mined  a  set  of  parameters  d,  /3  ,  fr*  such 
that  :  0 

-  shock  states  oreviously  experimen¬ 
ted  up  to  2  Mbars  be  respected 

-  shock  velocity  of  present  experi¬ 
ment  be  verified 

-  free  surface  velocity  of  present 
experiment  be  reached  as  close  as 
possible . 

The  values  of  parameters  are  as  be- 
low  (C.G.S.)  : 

<*=  0.25  1012 

6=  13.1 
9-0  =  20  °K 

and  yield  for  U  =  11.79  kra/s 
^0  km/s  (Pig.  8) 
which  is  satisfactory. 

The  shock  state  reached  in  this 
experience  on  uranium  is  located  at  coor¬ 
dinates  : 

P  =  15.1  Mbar,  f=  44.2  g/cm3 

The  vaporizing  rate,  Z,  reached  at 
shock  is  77.5  %  and  along  expansion  path 
exceeds  rapidly  99  %  (Fig.  9). 

Final  density  obtained  during  expan¬ 
sion  is  close  to  4  g/cm^  ;  uranium  is  va¬ 
porized,  but  its  density  keeps  to  a  level 
whose  measurement  of  free  surface  velocity 
is  possible. 


This  eouation  enables  us  to  describle 
matter  states  for  oressures  as  high  as  tens 
of  Mbars  and  temneratures  reaching  a  hun¬ 
dred  thousands  degrees. 

This  equation  has,  besides,  the  inte¬ 
rest  of  describing  states  obtained  at 
lower  strength  shocks,  because  it  fits  to¬ 
gether  with  Mie-Gruneisen ' s  equation 
(Z  =  0). 

One  notices,  moreover,  the  flexibili¬ 
ty  of  this  equation  by  observing  (Fig.  9) 
the  deformation  of  isentroDic  curves  with 
respect  to  shock  states  where  they  come 
from  :  isentrooic  curve  [4^]  presents  the 
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steeD  aspect  of  isentrooic  exn  nsion  of 
solid  state,  the  others  [ 5]  ,  [  ']  and  [1] 

snread  themselves  more  and  more  towards 
the  saturation  curve,  reaching  nro^ressi- 
vely  regions  of  state  Plane  where  dense 
vapors  and  gases  exist. 

It  is  shown  (Fig.  10)  that  it  is  pos¬ 
sible  to  distinguish  the  shock  states 
leading  by  expansion  to  dense  or  less  den¬ 
se  states,  by  means  of  the  is^ntronic  cur¬ 
ve  ending  at  critical  ooint  (Ref.  5)  ; 
shock  states  resulting  in  expansions  under 
critic  isentrooic  lead  to  dense  st.tes 
(solid  or  linuid),  the  ones  in  exoansions 
above  critic  isentrcoic  lead  to  less  dense 
states  (linuid  or  gas).  The  phase  change 
which  should  occur  on  saturation  curve  do^s 
not  occur  because  of  too  fast  an  expansion, 
>3  underlined  by  '^el'dovich  (kef.  6^. 

7 c  had  the  nle-  nu^e  to  h  "■  r  "Pce*’,:1Y 
that,  in  an  underground  experiment,  shock 
states  close  to  30  Mbar  had  been  realised 
in  iron  and  lead  ;  Al'tshuler  (Ref.  7)  in¬ 
terpreted  them  also  with  an  equation  of 
this  type. 
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High-speed  framing  camera  and  time-resolved  spectrographic  observa¬ 
tions  have  been  made  of  the  detonation  of  a  number  of  solid  explosives 
in  a  high  vacuum  (10“6  torr).  The  salient  feature  of  the  results  is 
the  high  velocity  attained  by  the  leading  products  emitted  from  the  end 
of  the  charges --about  20  km/sec--with  all  explosives  which  contain  hy¬ 
drogen.  Time- resolved  spectra  have  been  obtained  of  the  light  emitted 
when  the  products  stagnate  on  an  acrylic  plastic  plate.  A  pink  lumi¬ 
nosity,  involving  the  hydrogen  alpha  line,  is  produced  by  the  leading 
products  on  impact.  Early  development  of  other  hydrogen  Balmer  lines 
and  subsequent  development  of  sodium  lines  and  lithium  lines  in  doped 
charges  were  also  observed.  The  early  appearance  of  hydrogen  spectra 
as  compared  to  sodium  and  lithium  spectra  is  attributed  to  relative 
diffusion  of  species  having  different  molecular  weights  in  the  edge  of 
the  products  cloud.  With  PETN  and  HN,  opaque  whitish  jets  or  plumes  of 
colored  gas  are  occasionally  observed  off  the  end  of  the  charges;  these 
are  interpreted  as  unreacted  explosive  and  intermediate  products  re¬ 
spectively. 

Order- of -magnitude  computations  have  shown  that  agreement  with  the 
measured  velocities  of  the  leading  products  (20  km/sec)  can  be  ob¬ 
tained  by  invoking  ambipolar  diffusion  of  electrons  and  ions  in  the  ex¬ 
panding  products  cloud. 


INTRODUCTION 

Detonation  of  solid  explosives  in  a  vacuum 
has  been  an  object  of  study  for  many  years  from 
both  an  experimental  (1-4)  and  theoretical 
viewpoint.  The  salient  feature  of  these  re¬ 
sults  has  been  the  observation  of  high  veloci¬ 
ties  of  the  ejecta  from  the  end  of  the  charge-- 
velocities  of  the  order  of  20  km/sec.  To  the 
authors*  knowledge,  these  velocities  have  not 
been  satisfactorily  accounted  for  theoreti¬ 
cally,  a  situation  which  poses  an  interesting 
problem  in  plasma  dynamics.  Even  more  inter¬ 
esting  from  the  standpoint  of  detonation  phys¬ 
ics  and  chemistry  is  the  possibility  that  re¬ 
moval  of  the  ambient  air  allows  direct  obser¬ 
vation  of  the  properties  of  the  detonation  and 
its  products  for  the  following  reasons:  (1) 
spectroscopic  studies  will  not  be  hampered  by 
■emission  or  absorption  by  the  ambient  atmos¬ 
phere;  (2)  rapid,  free  expansion  in  at  least 
the  leading  edge  of  the  products  cloud  may 
freeze  the  course  of  chemical  reaction,  al¬ 
lowing  the  study  of  intermediate  species  by 
mass  spectrometric  means,  molecular  beam  ex¬ 
periments,  etc.;  (3)  the  low  densities  at¬ 


tained  in  the  leading  edge  of  the  products 
cloud  may  enable  molecular  flow  to  occur  with 
the  possibility  of  species  separation  by  vari¬ 
ous  mechanisms.  The  observations  reported 
herein  result  from  attempts  to  lay  a  ground¬ 
work  for  the  design  of  experiments  to  study 
the  properties,  structure  and  kinetics  of  det¬ 
onation  in  a  high  vacuum. 

These  observations  are  of  two  types:  (1) 
a  broad  phenomenological  study  of  the  gross 
properties  of  detonation  in  a  high  vacuum;  and 
(2)  some  time-resolved  spectrographic  studies 
of  the  light  emitted  when  the  leading  edge  of 
the  expanding  products  cloud  stagnates  against 
a  rigid  surface  in  a  high  vacuum. 

EXPERIMENTAL  APPARATUS  AND  TECHNIQUE 

A  schematic  of  the  time-resolved  spec¬ 
troscopy  experimental  setup  is  shown  in  Fig.  1 
with  emphasis  on  the  internal  optics  of  the 
main  component,  a  Beckman  Whitley  D-2  Spectro¬ 
graphic  Dispersion  Unit.  Insufficient  light 
intensity  was  a  major  problem,  so  it  should  be 
noted  that  this  dispersion  unit  is  constructed 
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camera 


Fig.  1  -  A  schematic  of  the  experimental  arrangement  used  for 
time-resolved  spectroscopy  studies  of  explosives  det¬ 
onated  in  a  vacuum. 


entirely  of  reflection  optics,  thus  eliminating 
the  attenuation  of  light  due  to  multiple  len¬ 
ses.  The  objective  mirror  has  a  magnification 
of  .10  and  aperture  ratio  of  f/4.2  for  an  ob¬ 
ject  distance  of  500  cm.  The  collimating  mir¬ 
ror  is  a  16- inch  focal  length,  f/4  parabolic 
mirror  mounted  in  a  temperature  compensated 
positioning  assembly  to  assure  a  high  degree  of 
collimation  necessary  for  high  spectral  resolu¬ 
tion.  The  dispersion  device  is  a  plane  re¬ 
flectance  grating  ruled  in  an  area  102  mm  by 
128  mm  for  the  dispersion  and  blaze  wavelength 
required.  The  entrance  slit  is  variable  from 
.02  to  3.0  mm,  calibrated. 

For  mos t  of  the  work  reported  here,  a  300 
grooves /mm  grating  blazed  for  5000  A  was  used: 
this  had  a  minimum  efficiency  of  507.  at  5086  A, 
637,  at  4800  A,  and  657.  at  4358  A»  The  disper¬ 
sion  obtained  using  this  grating  was  «  A/mm 
with  a  field  of  2090  A* 

A  22- liter  vacuum  flask  containing  a  1.9- 
by  7.6-cm  cylindrical  charge  of  PETN  was  posi¬ 
tioned  as  close  as  practical  (to  conserve  light 
intensity)  to  the  viewing  port  of  a  blast  cham¬ 
ber.  A  7.6-  by  7.6-  by  0.16-cm  acrylic  plastic 
plate  was  used  as  the  stagnation  surface  for 
two  reasons:  (1)  to  facilitate  focusing  the 
spectrograph  on  the  surface  towards  the  charge, 
and  (2)  to  eliminate  contamination  of  the  spec¬ 
tra  by  alkaline  metal  lines  from  the  glass  wall 


of  the  flask.  The  stagnation  plate  was  posi¬ 
tioned  parallel  to  the  face  of  the  explosive 
charge  and  17.8  cm  away.  The  spectrograph  was 
focused  on  a  fiducial  mark  which  was  scratched 
on  the  surface  of  the  plate  and  aligned  with 
the  axis  of  the  charge.  The  charge  was  deto¬ 
nated  with  an  M-36  military  detonator.  The 
charge  length  was  sufficient  to  assure  a 
steady- state  detonation  when  the  front  reached 
the  face. 

The  data  reported  below  were  taken  with  a 
Cordin  Model  10-010  framing  camera  as  the 
time- resolving  element.  A  maximum  time  resolu¬ 
tion  of  1  jisec  was  set  by  the  maximum  usable 
speed  (1  megaframe /sec)  of  the  framing  camera. 
Low  light  levels  and  short  exposure  times  re¬ 
quired  the  use  of  extremely  fast  (ASA  8000) 
recording  film.  The  total  recording  time  at 
maximum  usable  framing  camera  speed  was  25 
p.sec.  Relative  exposure  density  measurements 
were  made  from  the  film  using  a  Joyce-Loebl 
micr odens itome  ter . 

RESULTS 

A.  Gross  Features 

In  the  initial  framing  camera  experi¬ 
ments,  the  experimental  arrangement  was  essen¬ 
tially  the  same  as  that  described  for  the 
spectrographic  work,  except  that  the  charges 
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were  initiated  by  an  Army  Engineer  Special  Det¬ 
onator.  The  explosives  fired  in  these  experi¬ 
ments  included  cast  Composition  B,  pentolite, 
pressed  tetryl,  lead  azide  (LA),  RDX,  PETN, 
and  hydrazine  nitrate  (HN) .  The  last  three  ex¬ 
plosives  named  plus  TNT  are  a  series  designed 
to  span  a  wide  range  of  chemical  compositions: 
TNT  for  high  carbon  content,  RDX  for  high  ni¬ 
trogen,  PETN  for  high  oxygen,  and  HN  because  it 
is  carbon- free.  Preliminary  results  indicated 
that,  as  other  investigators  (1-2)  observed, 
the  leading  products  appear  to  travel  at  ve¬ 
locities  of  the  order  of  20  km/sec.  The  lead¬ 
ing  products  were  found  to  produce  a  charac¬ 
teristic  pinkish  luminosity  reminiscent  of  an 
electric  discharge  in  hydrogen  when  they  im¬ 
pinge  on  a  solid  surface.  No  visible  evidence 
of  high  velocity  products  was  found  with  LA; 
this  explosive  is  the  only  one  studied  which 
contains  neither  hydrogen  or  carbon.  Thus,  it 
seemed  likely  that  the  high  velocity  products 
contain  hydrogen. 

In  almost  every  case,  a  diffuse  black 
cloud  of  detonation  products  expands  from  the 
original  charge  position  with  a  much  lower  ve¬ 
locity,  generally  from  6  to  12  km/sec  (except 
for  LA  in  which  case  the  expansion  velocity  is 
an  order  of  magnitude  less).  The  density  of 
this  cloud  varies  with  the  explosive  and  ap¬ 
pears  greatest  with  Composition  B  and  tetryl, 
less  so  with  RDX  and  pentolite,  and  still  less 
so  in  the  case  of  PETN  and  HN.  The  opaque 
products  cloud  is  attributed  mainly  to  free 
carbon  in  the  case  of  the  high- carbon- content 
explosives;  for  those  explosives  which  contain 
little  carbon  the  cloud  concentrates  toward  the 
rear  of  the  original  charge  position  and  is 
tentatively  attributed  mainly  to  vaporized  cop¬ 
per  and  other  opaque  products  from  the  deto¬ 
nator. 

With  cylindrical  PETN  charges,  a  particu¬ 
larly  interesting  phenomenon  occurs.  A  small 
cloud  of  intense  blue  products  forms  just  off 
the  end  of  the  charge  immediately  after  the 
arrival  of  the  detonation  front.  The  high 
density  of  the  products  comprising  this  cloud 
is  evidenced  by  optical  distortion  of  a  back¬ 
ground  grid  when  viewed  through  the  cloud.  The 
region  of  perceptible  refraction  extends  beyond 
the  region  of  perceptible  blue  color.  Pre¬ 
sumably  a  high  density  gas  cloud  is  always 
present  off  the  end  of  the  charge  immediately 
following  the  arrival  of  detonation,  but  is 
obscured  by  the  opacity  of  the  products  formed 
by  the  high-carbon  explosives.  The  nature  of 
the  blue  gas  is  unknown  but  it  is  conceivable 
that,  at  the  very  high  pressures  which  must 
prevail  in  this  region,  the  dissociation  of 
normally  unstable  species  such  as  NO3  (which 
is  blue)  would  be  suppressed. 

In  two  firings  with  relatively  low-density 
pressed  PETN  (1.2  g/crP)  a  whitish  material, 
presumably  unreacted  PETN,  was  ejected  from  the 
end  of  the  charge  with  a  velocity  of  several 
kilometers  per  second  (the  exact  velocity  is 


difficult  to  estimate  because  of  the  diffuse 
leading  edge  of  the  ejected  material).  This 
would  seem  to  indicate  that  when  the  detona¬ 
tion  front  reflects  from  the  free  surface  as  a 
rarefaction  the  incipient  reaction  just  behind 
the  detonation  front  is  quenched. 

With  HN  charges,  a  small  brownish  cloud 
forms  in  a  manner  similar  to  the  blue  cloud 
with  PETN,  although  in  this  case  the  high  den¬ 
sity  of  the  cloud  is  not  as  apparent.  Since  HN 
is  rich  in  oxygen  and  nitrogen,  it  is  believed 
that  this  brown  gas  is  nitrogen  dioxide. 

In  all  cases,  except  LA  and  HN,  a  blue 
luminescence  is  produced  at  the  vessel  walls, 
apparently  due  to  the  impingement  of  products 
with  velocities  of  about  12  km/sec.  The  prod¬ 
uct  which  causes  this  luminosity  may  be  carbon 
dioxide  since  it  seems  most  intense  with  PETN 
and  does  not  occur  with  the  explosives  which 
do  not  contain  carbon. 

B.  Time-Resolved  Spectra 

All  time-resolved  spectral  information 
reported  in  this  paper  is  based  on  film  rec¬ 
ords  analyzed  with  a  microdensitometer.  Mi¬ 
crodensitometer  traces  of  time-resolved  spec¬ 
tra  of  the  first  ejecta  from  a  PETN  charge 
striking  an  acrylic  plastic  plate  in  a  vacuum 
of  5  x  10"6  torr  are  shown  in  Fig.  2(a). 

Traces  corresponding  to  the  first  5  p.sec  after 
arrival  at  the  plate  are  reproduced.  The  sa¬ 
lient  features  in  the  wavelength  range  5000  A 
to  7000  A  are: 

(1)  Only  the  hydrogen  a- line  (6563  A)  is 
observed  during  the  first  2  p.sec  after  arrival 
of  the  first  ejecta  at  the  wall. 

(2)  After  3  jasec  the  sodium  D-line 
(5890  A)  appears;  this  line  increases  in  in¬ 
tensity  at  later  times. 

(3)  Coincident  with  the  increase  in  in¬ 
tensity  of  the  sodium  line  is  a  decrease  in  in¬ 
tensity  of  the  hydrogen  Oi-  line  (see  Fig.  4). 
Traces  obtained  in  the  4000  A  to  5000  A  wave¬ 
length  region  are  reproduced  in  Fig.  2(b).  The 
hydrogen  f3 ,  y  and  6  lines  are  observed  but  with 
poor  signal- to-noise  ratio.  The  reason  for  the 
broad  peak  centered  at  approximately  4400  A 
after  3  nsec  is  not  completely  understood  at 
this  time;  however,  part  of  it  is  tentatively 
attributed  to  variation  in  the  efficiency  of 
the  grating  with  wavelength.  These  features 
support  the  theory  that  spatial  separation  of 
the  detonation  product  species  is  observed. 

To  assure  that  the  observed  hydrogen  lines 
are  from  the  explosive  and  not  from  hydrogen 
contained  in  the  several  monolayers  of  water 
which  would  remain  on  the  stagnation  plate  at 
this  vacuum,  the  plate  was  heated  to  >  200°C 
under  a  vacuum  of  10“6  torr  and  essentially 
the  same  results  were  obtained.  At  this  tem¬ 
perature  and  pressure,  it  is  doubtful  that 
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Fig.  2(a)  -  Microdensitometer  traces  of  time- 
resolved  emission  spectra  of  PETN 
detonation  ejecta  impinging  a  solid 
surface  in  a  vacuum,  wavelength 
range  5000  A  to  7000  A* 


Fig.  2(b)  -  Microdensitometer  traces  of  time- 
resolved  emission  spectra  of  PETN 
detonation  ejecta  impinging  a  solid 
surface  in  a  vacuum,  wavelength 
range  4000  A  to  5000  A« 


enough  water  remains  on  the  plate  surface  to 
yield  the  hydrogen  line  intensity  observed. 

Since,  in  the  first  experiments  per¬ 
formed,  the  products  were  simply  allowed  to 
stagnate  against  the  glass  wall  of  the  vacuum 
vessel,  the  appearance  of  sodium  emission  lines 
was  attributed  to  the  sodium  in  the  glass. 

When  an  acrylic  stagnation  plate  was  substi¬ 
tuted,  and  the  sodium  lines  continued  to  be 
observed  despite  precautions  to  avoid  contam¬ 
ination  of  the  explosive  charge  and  apparatus 
(by  fingerprints,  etc.),  it  was  concluded  that 
the  sodium  is  present  in  the  explosive  as  a 
residue  from  the  washing  stage  of  the  manufac¬ 
turing  process.  To  verify  that  the  observed 
sodium  line  was  from  the  charge,  a  PETN  charge 
was  doped  with  lithium  and  obtained  the  re¬ 
sults  shown  in  Fig.  3.  Again,  spatial  separa¬ 
tion  of  the  hydrogen  and  lithium  was  observed, 
but  the  time  lag  is  reduced  corresponding  to 
the  smaller  mass  difference  (Mjja  ■=  23  amu; 

Mi,i  ■  7  amu;  Mh  ■  1  amu). 

The  relative  intensities  of  H-Ct  and  so¬ 
dium  D- lines  are  plotted  in  Fig.  4  as  a  func¬ 


tion  of  time  (zero  time  is  the  time  at  which 
the  detonation  just  reaches  the  end  of  the 
charge  as  determined  from  framing  camera  pic¬ 
tures).  The  H-a  line  peaks  between  13  (isec  and 
15  p.sec  and  the  sodium  D- line  peaks  between  18 
fisec  and  19  nsec*  This  corresponds  to  a  ve¬ 
locity  difference  of  roughly  4  mm/nsec.  Sim¬ 
ilar  peak  arrival  times  could  not  be  obtained 
from  the  lithium-doped  charge  data  because  the 
lithium  lines  were  buried  in  continuum  radia¬ 
tion  before  they  peaked. 

DISCUSSION 

A  computer  program  was  formulated  which 
describes  the  expansion  of  a  cloud  of  detona¬ 
tion  products  according  to  the  Richtmyer  hydro- 
dynamic  flow  formulation  (5).  The  program  is 
similar  to  that  of  Lutzky  (6).  The  principal 
differences  are  in  the  initial  conditions. 

Calculations  were  performed  for  RDX  at  an 
initial  density  of  1.77  g/cm^.  The  initial  ve¬ 
locity  and  pressure  were  chosen  according  to 
the  following  reasoning.  The  region  under  con¬ 
sideration  is  a  lamina  of  essentially  infini- 
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Hot  (6563  -  20/f) 


1  i  i  i  l  1  i  »  i  i  1 

6,000  A°  7, 000  A 


Fig.  3  -  Microdensitometer  traces  of  the  time- resolved 
spectra  obtained  using  a  lithium-doped  PETN 
charge  (zero  time  is  the  arrival  time  at  the 
stagnation  plate). 


tesimal  thickness  at  the  end  of  the  charge. 

If  the  reaction  induction  time  is  finite,  the 
first  event  which  occurs  when  the  detonation 
front  arrives  at  the  free  surface  is  that  this 
lamina  is  accelerated  to  a  velocity  twice  the 
particle  velocity  in  the  detonation  and  the 
pressure  in  the  lamina  falls  to  zero.  Thus, 
when  the  explosive  reacts,  it  does  so  at  its 
normal  density  rather  than  the  density  to 
which  it  is  compressed  in  the  detonation  zone, 
generating  products  at  a  pressure  estimated  as 

[y/(y+1)]^  times  the  C-J  pressure.  The  ini¬ 
tial  velocity  and  pressure  were  thus  chosen  to 
be  4.4  mm/psec  and  143  kilobars  respectively. 
The  gamma  for  the  product  gases  was  taken  as 
2.77. 

The  principal  result  of  the  calculations 
is  that  the  leading  edge  of  the  expanding 
cloud  reaches  a  terminal  speed  of  6.6  mm/ ij.se c 
at  the  end  of  300  nanoseconds,  reaching  95% 
of  that  value  within  50  nanoseconds.  The 
pressure  in  the  leading  lamina  is  down  by  a 
factor  of  2  x  10^  from  its  initial  value, 
after  300  nanoseconds.  The  internal  energy 
is  down  by  a  factor  of  3  x  10^.  This  latter 
result  implies  a  very  low  temperature  in  the 


leading  lamina  (measured  in  its  own  rest 
frame)  for  all  reasonable  estimates  of  the 
initial  temperature.  The  calculated  terminal 
speed  of  the  leading  edge  is  in  good  agreement 
with  measurements  made  on  the  microsecond 
framing- camera  photographs  of  the  speed  of  the 
visible  grey-black  cloud  of  detonation  prod¬ 
ucts.  However,  it  is  about  one- third  the  value 
needed  to  account  for  the  time  of  appearance  of 
the  "pink  glow"  emission. 

Possible  ways  to  account  for  the  high 
speed  of  the  emission  which  causes  the  pink 
glow  are : 

(1)  The  mechanism  of  ambipolar  diffusion 
can  be  invoked  to  double  the  speed  of  the  ion¬ 
ized  portion  of  the  cloud.  In  ambipolar  diffu¬ 
sion,  a  pressure  gradient  in  the  plasma  at  the 
surface  of  the  explosive  will  tend  to  acceler¬ 
ate  the  electron  gas  at  several  thousand  times 
the  rate  for  ions.  Any  tendency  for  the  elec¬ 
trons  to  move  ahead  of  the  ions,  however,  is 
quickly  balanced  by  an  electric  field  caused  by 
the  separation  of  charges.  The  electrons, 
being  highly  mobile  in  comparison  to  the  ions, 
will  quickly  achieve  a  near  equilibrium  between 
the  influences  of  the  pressure  gradient  and 
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VELOCITY,  (mm//i.sec) 

173  14.6  12.7  11.2  10.0  9.1  8.3 


Fig.  4  -  Relative  intensities  of  the  hydrogen  OL  and  sodium  D- 
lines  as  a  function  of  time  (zero  time  is  the  time  at 
which  the  detonation  front  just  reaches  the  end  of 
the  PETN  charge). 


electric  field.  However,  the  same  electric 
field  acts  on  the  ions  but  in  the  same  direc¬ 
tion  as  the  pressure  gradient.  This  subjects 
the  ions  to  a  total  force  away  from  the  sur¬ 
face  double  that  on  a  neutral  species.  An 
order  of  magnitude  calculation  shows  that  a 
charge  separation  of  even  a  tenth  of  a  percent 
creates  an  electric  field  which  would  produce 
forces  on  the  charged  particles  many  orders  of 
magnitude  greater  than  the  pressure  gradient. 
The  difference  in  arrival  times  of  various 
species  (hydrogen,  lithium,  sodium)  in  the 
pink  glow  is  presumably  due  to  the  fact  that 
the  same  pressure  and  electric  field  act  on 
both  light  and  heavy  species  in  the  detonation 
"plasma",  accelerating  the  lightest  species 
the  most. 

(2)  The  mechanism  proposed  by  Johansson 
and  Selberg  (3)  which  invokes  elastic  colli¬ 
sion  between  heavy  molecules  in  the  detonation 
products  and  lighter  molecules  in  the  ambient 
gas.  Although  this  is  an  attractive  hypothe¬ 
sis,  it  appears  doubtful  that  the  lighter  mol¬ 
ecules  actually  come  from  the  ambient  gas  for 
two  reasons:  (a)  the  intensity  of  the  light 
emitted  when  these  molecules  impinge  on  a  sur¬ 
face  ought  to  increase  as  the  number  of  avail¬ 
able  molecules  increases;  however,  over  a  mil¬ 
lionfold  increase  in  ambient  pressure  (10“ 7  to 
10"!  torr)  no  obvious  increase  in  luminosity 
was  observed;  (b)  velocities  of  the  sodium 


atoms  or  ions,  which  certainly  do  not  origi¬ 
nate  in  the  ambient  gas,  are  very  nearly  as 
high  as  those  of  the  hydrogen  atoms,  molecules 
or  ions. 

CONCLUSIONS 

Experimental  results  appear  to  verify  the 
assumption  of  the  possibility  of  molecular  spe¬ 
cies  separation  in  the  leading  edge  of  the  det¬ 
onation  products  cloud  in  a  high  vacuum.  Al¬ 
though  the  details  of  the  expansion  process 
have  not  been  fully  resolved,  there  is  pre¬ 
liminary  evidence  that  time-resolved  spectro¬ 
scopic  measurements  of  the  products  are  feasi¬ 
ble  and  may  be  used  to  infer  the  composition 
and  thermodynamic  state  of  the  products  gen¬ 
erated  in  the  reaction  zone. 
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PLANE  SPALLING  OF  COPPER 


F.  David,  J.  Vacellier,  F.  Prouteau,  J.  Legrand,  R.  Cheret 
Commissariat  a  l'energie  atomique 
France 


A  plane  shock  wave  is  induced  in  a  pure  copper  sample  in  such 
a  way  that  spalling  occurs.  On  examination  of  the  recovered 
spalls  and  of  the  free  surface  velocity  measurements,  one  is 
led  to  assume  that  spalling  originates  from  a  progressive 
decohesion  of  the  grains.  A  rising-fracture-strength  R*  is 
defined  and  related  to  the  first  decrease  of  the  free-surface 
velocity  ;  a  linear  relation  appears  to  exist  between  R*  and 
the  pressure  p  of  the  emergent  shock.  One  dimensional  calcu¬ 
lations  based  upon  the  experimental  law  R*  (  p  ),  a  simplified 
expression  of  the  cohesion  stress,  an  empirical  law  of 
growing  of  the  cracks,  are  in  reasonable  agreement  with  the 
experimental  results. 


INTRODUCTION 

All  the  here -mentioned  experiments 
deal  with  O.F.H.C.  electrolytically 
prepared  cojjper  samples,  annealed  at 
600 °C  andUD-^Torr  during  four  hours.. 
The  mean  grain  diameter  is  approxima¬ 
tely  0,3  mm. 

In  order  to  achieve  a  one-dimensio¬ 
nal  flow  with  a  good  approximation,  the 
thickness  X0  of  the  sample  is  chosen  so 
as  to  remain  a  fraction  of  the  diameter 
0  (5^Xo  mm^^O,  0  =  150  mm).  A  plane 
shock  wave  is  induced  in  the  sample, 
either  by  an  explosive  donor  charge 
with  the  same  diameter,  or  by  a  3  mm 
thick  flying  plate  (2,7<  Vmm//us^  3,3)  • 
In  both  cases  an  expansion  wave  follows 
the  incident  shock.  As  soon  as  the 
latter  arrives  at  the  free  surface, 
another  expansion  wave  propagates  back¬ 
wards  in  the  sample.  It  is  well  known 
that  the  region  where  the  two  expansion 
waves  interfere  undergoes  stresses 
which  may  involve  spalling. 


EXPERIMENTS 

Recovering  of  the  spalls. 

In  order  to  get  free  of  the  effects 
of  lateral  expansion,  the  target  is 
composed  of  a  ring  which  confines  a 
pastille  whose  diameter  is  30  mm.  When 
a  spall  appears,  it  flies  some  time  in 
the  air,  next  penetrates  through  a 
layer  of  bicarbonate  powder  initially 
placed  at  the  surface  of  a  water  tank, 
and  finally  comes  to  a  standstill  at 
the  bottom  of  the  tank.  Figure  1  shows 
thus  recovered  spalls. 


Fig.  1 
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Fig. 2 


Microscopic  examination  of  the  spalls. 

A  careful  microscopic  examination 
of  a  diametral  cross-section  of  a  reco¬ 
vered  spall  reveals  the  existence  of 
distortions  and  cracks.  These  pertur¬ 
bations  generally  follow  the  outline  of 
the  grains  along  directions  which,  in 
the  average,  are  normal  to  the  flow  ; 
they  appear  at  some  distance  from  the 
free  surface,  looking  more  and  more 
like  cracks  as  the  distance  to  the  free 
surface  increases,  so  much  so  that  cohe¬ 
sion  between  grains  nearly  disappears 
near  the  spalling  surface.  It  may  be 
enhanced  that  the  same  features  are  also 
found  in  shocked  but  not  frankly  spalled 
samples.  Figure  2  illustrates  the  above- 
described  microstructure. 

Free  surface  velocity  measurements. 

Eden  and  Wright’s  technique  (1)  is 
used  to  determine  the  free  surface  velo¬ 
city  of  the  sample.  As  shown  in  figure  3, 
the  light  emitted  by  an  argon  flash  is 
totally  reflected  by  the  faces  F,  Ff, 

F"  of  a  prism,  then  sent  back  towards  a 
50 /u  m  streak  camera.  The  movement  of 
the  free  surface  S  of  the  sample  progres¬ 
sively  removes  the  total  reflection  on 
face  F.  Let<*  the  angle  between  F  and  S  ; 
let p>  be  the  angle  on  the  film  between 
the  time  axis  and  the  limiting  line  of 
the  illuminated  zone  :  let  V  and  Y  be 
respectively  the  inscription  speed  and 
the  magnifying  power  of  the  camera.  The 
free  surface  speed  us  is  given  by  : 

u8  =  -2L-  sin  a  tg/3 

When  us  undergoes  a  variation  Aus, 
a  variation  Ap  =  sin  2 p  is  recor¬ 

ded  on  the  film.  The  best  precision  is 
obtained  when/?  =  7T/4  ;  this  condition 
is  achieved  by  a  proper  choice  of  v.  As 
for  c<  ,  it  must  be  neither  too  small, 
since  a  planeity  defect  6<>(  of  S  involves 
an  apparent  variation  Sus  =  us*cotgo(  . 

Sc(  .  of  us,  nor  too  large,  since  a 


disturbing  jet  appears  between  F  and  S 
for  large  values  of  . 

In  order  to  correct  the  measurements 
for  a  possible  rotation  of  the  free  sur¬ 
face,  two  prisms  are  disposed  symetri- 
cally  about  the  axis  of  the  target  (this 
involves  a  80  mm  in  diameter  sample). 

When  working  under  these  conditions,  one 
achieves  a  continuous  measurement  of  us 
with  2  #  experimental  error. 


t  f 
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SCHEME  OF  EXPERIMENT 

X  mm  hb 

u  mm  lie 

p  kb 

Au  mm 

At  m» 

20 

3,20 

905 

0,52 

0.9 

IMf’ACT 

OF 

COPPER 

PLATE 

VELOCITY  #  3,5m u^u> 

25 

2,80 

750 

0,45 

0,8 

30 

2,53 

660 

0,38 

0,8 

35 

2,235 

500 

0,25 

0,7 

40 

1,19 

455 

0,22 

0.6 

VELOCITY  #  2,7mn i/m« 

25 

2,30 

580 

0,25 

1 

30 

2,15 

530 

0,23 

0,9 

35 

1,95 

470 

0,20 

0,8 

40 

1,85 

440 

0,12 

0,8 

DETONATION  OF  A  CHARGE 

IN  CONTACT  WITH  SAMPLE 
(detonation  velocity  =  8mm//us) 

10 

1 ,82 

430 

0,12 

0,6 

20 

1 ,70 

395 

0,10 

0,6 

detonation  velocity  =  6,2mm/^8 

5 

1 , 22 

265 

0,12 

1,2 

20 

1 ,05 

220 

0,10 

1 

Table  1 


Table  1  summarizes  the  main  results 
of  the  measurements  ;  p  is  the  pressure 
of  the  emerging  shock,  uso  is  the  ini¬ 
tial  free  surface  velocity  ;  Aus  is  the 
first  decrease  of  us,  i.e  from  the  mo¬ 
ment  when  the  shock  emerges  until  the 
first  noticeable  acceleration  ;  At  is 
the  corresponding  time  interval.  Every 
mentioned  value  is  the  average  over  two 
or  three  shots. 


INTERPRETATION 
Spalling  mechanism. 

It  is  well  known  (2  to  12)  that  a 
calculation  may  be  achieved  where  spal¬ 
ling  merely  consists  in  splitting  the 
sample  in  conformity  with  the  experi¬ 
mentally  determined  thickness  of  the 
first  spall.  Among  the  informations  gi¬ 
ven  by  such  a  calculation  is  the  above 
defined  time  interval  At.  Whatever  be 
the  chosen  equation  of  state  of  the 
sample,  the  calculated  value  of A  t  is 
three  or  four  times  the  experimental 
value.  This  fact  and  the  cracked  struc¬ 
ture  of  the  recovered  spalls  evidence 
that  spalling  cannot  be  accounted  for 


by  assuming  a  simple  and  instantaneous 
splitting.  More  precisely  they  suggest 
that  it  originates  from  a  progressive 
decohesion  of  the  sample  which  takes 
place  at  the  grain  interfaces  as  soon 
as  they  undergo  what  may  be  called  the 
"rising  fracture  stress"  R  .  While  the 
cracks  propagate,  following  the  outline 
of  the  grains  along  directions  which  in 
the  average  are  normal  to  the  flow, 
compression  waves  are  emitted  which 
slacken  the  decohesion  of  the  material 
and,  at  last,  cause  the  free  surface  to 
accelerate . 

The  R4  (p)  curve. 

When  time  elapses,  a  slice  of  the 
sample  undergoes  increasing  stress  when 
in  the  region  where  the  two  expansion 
waves  interfere,  then  decreasing  stress 
because  of  the  compression  waves  reflec¬ 
ted  from  the  free  surface  (cf. figure  4). 
In  other  terms  the  stress  reaches  its 
maximum  value  on  the  last  characteristic 
/-'of  the  reflected  expansion  wave. 
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Therefore  the  first  crack  appears  at 
some  point  A  of  P'.  The  rightward -bound 
compression  wave  reaches  the  free  sur¬ 
face  at  some  point  B  and  causes  it  to 
accelerate,  which  is  noticeable  on  the 
continuous  record  of  us.  Along  the  cha¬ 
racteristics  OA  and  AB,  one  may  write  : 

XA 

pa  du  —  /  pa  du  (2) 

Under  the  reasonable  assumption  that  />a 
is  constant  in  the  0  A  B  region  of  the 
flow,  equations  (2)  yield  : 

R>o‘.  =  V°A  =  V“b  (3) 

Consequently  R  may  be  expressed  in  terms 
of  the  above  defined  ^ us  by  : 

H#  =  Poao^  (4) 

It  appears  from  the  Aus  measurements 
that  R*  varies  almost  linearly  with  p. 


NUMERICAL  CALCULATIONS 

Simulation  of  the  spalling  mechanism. 

The  distortions  and  cracks  are  loca¬ 
ted  on  geometric  planes  P  normal  to  the 
flow,  and  spaced  by  the  mean  diameter  S 
of  the  grains  (of. figure  6).  A  splitting 


a  b 

Fig. 6  a)  Features  of  distorsion  zones 
b)  Schematic  structure 
occurs  on  a  plane  P  as  soon  as  the  stress 
reaches  R*  .  On  the  two  lips  of  the  crack, 
a  so  called  "cohesion  stress"  (53  is 
maintened.  In  order  to  estimate  $c,  it 
is  assumed  that  one  decohesion  locus 
appears  on  each  interface  of  plane  P  at 
the  instant  t*  when  the  stress  equals 
R*  (cf. figure  7)  and  that  oc  is  in 
direct  ratio  to  the  contact  area. 


\  I  A  -I  -/ 


rTT^n 


Fig. 7  Decohesion  points  hypothesis 
Consequently,  at  times  t^t*  ,  (5c  is 

where  c  is  the  cracking  speed. 

Numerical  method. 

The  above  simulation  has  been  fitted 
to  numerical  calculations  in  the  follo¬ 
wing  way.  The  space  interval  of  the 
Lagrangian  grid  is  chosen  so  as  to  be 
S/3*  Thus  every  third  plane  of  the  grid  is 
a  plane  P. 

As  for  the  cracking  speed  c,  the 
following  empirical  law  is  used 

/  O  if  a  4  <rc 

rii'-'i-t-') 

where  is  the  average  of  the  stress 
values  in  the  two  neigbouring  meshes, 
and  a  is  the  similar  average  of  the 
sound  velocity  values. 
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The  calculated  and  recovered  spalls 
are  compared  in  table  2.  The  calculated 
and  measured  free  surface  velocity  are 
compared  on  figure  £,  whereas  figure  9 
gives  an  example  of  calculated  flow. 

CONCLUSION 

The  experimental  program  which  has 
beencarried  out  has  defined  more  clearly 


features  that  are  characteristic  of 
spalling.  The  numerical  simulation  of 
the  mechanism  is  somewhat  less  satis¬ 
factory,  in  so  far  as  experiments  and 
calculations  agree  only  for  thin  tar¬ 
gets  (  XQ  ^  30  mm).  However,  it  is  most 
probable  that  the  agreement  should  be 
widely  improved  by  using  a  less  empi¬ 
rical  cracking  speed. 


Scheme  of  experiment 

X  mm 

O 

Spall’s  thickness  (mm) 

Experiment 

Calculation 

Detonation 

of  a 

charge 

in  contact 

with  sample 

D=6,2  mm/^is 

5 

no  spalling 

no  spalling 

10 

20 

M  M 

M  II 

1 

ii  ii 

1  ii  ii 

1 

D=  8  mm/^js 

5 

10 

15 

20 

25 

30 

no  spalling 

•  i  it 

ii  ii 

6,5  .  13,5 

6  •,  4  ,  15 
6,5  .  11,5  .  12 

no  spalling 

■  i  ii 

n  ii 

5,4  ;  14,6 

5.1  .  4,5  ;  15,4 

7.1  ‘  5.2  .17,7 

Table  2 


451 


David,  et  Al. 


Fig. 9 
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SPALLING-  UNDER  OBLIQUE  IMPACT 


I.  C.  Skidmore  and  J.  W.  Lethaby 
Atomic  Weapons  Research  Establishment, 
Alder mas ton ,  Reading,  England. 


A  light  gas  gun  has  been  used  to  project  6.67  cm  diameter  x  0.635  cm 
thick  brass  discs  at  similar  target  discs  8.89  cm  diameter  x  1.27  cm 
thick  with  the  angle  between  the  colliding  surfaces  increasing  from  zero 
in  0.5°  steps.  The  impact  velocity  was  maintained  constant  giving  rise 
to  a  23  kb  tension  compared  with  the  incipient  dynamic  fracture  stress  of 
14  kb  deduced  separately.  Sectioning  the  recovered  target  discs  showed 
that  as  the  angle  increased  the  fracture  zone  was  displaced  away  from  the 
first  impact  point  and  contracted  until  at  2°  it  disappeared.  The 
measured  fracture  locations  are  in  agreement  with  a  simple  analytic 
description  of  fracture  being  suppressed  by  lateral  rarefactions  limiting 
the  zone  where,  with  respect  to  the  intact  point,  steady  two  dimensional 
flow  conditions  are  maintained.  Two  dimensional  hydrodynamic  computer 
code  calculations  justify  the  analysis  and  also  illustrate  some  secondary 
features  of  the  fracture  pattern. 


1 .  INTRODUCTION 

Plate  impact  systems  have  been  commonly 
used  in  spallation  studies  for  over  ten  years. 
Their  attraction  is  that  ideally  they  can  pro¬ 
vide  a  uniaxial  strain  configuration  which  is 
the  easiest  non-steady  flow  situation  to  treat 
theoretically.  However,  since  experimental 
arrangements  must  always  have  limited  lateral 
dimensions  and  may  show  deviations  from  plana¬ 
rity  it  is  important  to  assess  their  effect  on 
the  uniaxial  flow  field  to  validate  any  inter¬ 
pretation  based  on  one  dimensional  theory.  The 
experiments  reported  here  were  aimed  at  examin¬ 
ing  an  aspect  of  this  problem. 

Our  early  work  on  spalling  in  plate  collis¬ 
ion  experiments  (l)  gave  dynamic  fracture 
strengths  a  factor  of  three  or  more  greater  than 
values  reported  round  about  the  same  time  by 
other  laboratories  using  the  same  approach  (2). 
On  the  other  hand  our  results  were  not  too  dis¬ 
similar  from  values  derived  from  experiments  on 
plates  under  detonation  wave  attack  (3)  and 
hence  the  discrepancy  aroused  little  comment. 
However,  recent  attempts  to  elucidate  the  time 
dependent  nature  of  spalling  have  resurrected 
the  problem  in  order  to  separate  the  consequences 
of  more  sophisticated  spallation  studies  from 
extraneous  experimental  influences. 

It  was  observed  in  our  early  experiments 
that  the  projectile  plate  acceleration  system  of 
explosive  plus  metal  attenuator  gave  rise  to 
considerable  plate  curvature.  This  suggested 
that  the  wave  pattern  generated  by  such  an 


impact  deviated  considerably  from  the  simple 
uniaxial  flow  assumption  of  the  theoretical 
analysis.  Hence  a  study  was  initiated  to 
examine  the  effect  of  controlled  oblique  impacts 
on  spallation  behaviour.  The  material  chosen 
was  6o/40  brass  since  it  provides  easily  dis¬ 
cernible  fracture  patterns.  The  basic  geometry 
examined  was  the  impact  of  a  0.635  cm  thick  pro¬ 
jectile  plate  on  a  1.27  cm  thick  target.  In  our 
original  work  with  these  dimensions  the  dynamic 
fracture  strength  quoted  was  65  kb.  This  should 
be  compared  with  a  value  of  14  kb  from  the 
present  work. 

In  the  first  experiments  a  large  projectile 
plate  was  accelerated  by  a  tangentially  incident 
detonation  wave  to  impact  target  plates  5  cm 
square,  inclined  at  various  angles  of  incidence, 
here  referred  to  as  the  angle  between  the  colli¬ 
ding  surfaces.  The  impact  velocity  was 
sufficient  to  generate  a  40  kb  tension  and  it 
was  observed  that  no  spalling  occurred  in  plates 
inclined  at  angles  greater  than  2©. 

These  experiments  suffered  from  a  lack  of 
precision  due  to  the  variability  of  the  explo¬ 
sive  driving  system  and  hence  did  not  provide  a 
fine  control  over  the  impact  angle.  This  dis¬ 
advantage  has  been  overcome  more  recently  by 
using  a  light  gas  gun  to  accelerate  the  pro¬ 
jectile  plate  to  impact  a  target  plate  mounted 
obliquely  at  the  muzzle.  These  experiments 
are  described  in  section  2  and  the  results 
interpreted  in  section  3. 
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2 .  EXPERIMENTAL  METHOD 

The  light  gas  gun  is  a  single  stage  device 
consisting  of  a  3  m  long  barrel  with  a  7  cm  bore 
mounted  directly  onto  a  pressure  vessel  accept¬ 
ing  working  pressures  of  up  to  200  bars.  The 
projectile  carrier  is  a  hollow  plastic  cylinder 
7  cm  long  with  a  wall  thickness  of  3  mm  sur¬ 
rounded  by  two  inset  PIPE  runners.  It  is 
enclosed  at  one  end  by  a  metal  disc  and  FIFE 
washer  which  before  firing  provides  a  gas  tight 
seal  between  the  pressure  chamber  and  the 
barrel.  The  carrier  is  restrained  by  a  tie  rod 
incorporating  an  electrically  fired  explosive 
release  bolt.  The  system  enables  the  initial 
gas  pressure  to  be  accurately  predetermined  thus 
giving  good  control  and  reproducibility  over 
muzzle  velocity.  Using  helium  as  the  driver 
gas  the  gun  is  capable  typically  of  accelera¬ 
ting  a  0*5  kgm  projectile  to  a  muzzle  velocity 
of  about  700  m.sec"1.  The  barrel  is  normally 
evacuated  to  a  pressure  of  about  10“ 5  bars  to 
avoid  building  up  an  air  cushion  between  pro¬ 
jectile  and  target. 

The  muzzle  arrangement  in  the  present 
experiments  is  shown  in  fig.  1.  The  projectile 


disc  had  a  diameter  of  6.67  cm  and  was  mounted 
on  a  polyurethane  foam  plug  of  density  0.3  gm. 
cm"3  which  fitted  within  the  carrier.  This 
foam  plug  distributes  the  accelerating  forces 
over  the  projectile  p'late  surface  thereby  avoid¬ 
ing  distortion.  It  has  a  negligible  impedance 
compared  to  brass  so  that  the  interface  with  the 
projectile  plate  may  be  regarded  as  a  free 
surface  • 

The  target  disc  was  8.89  cm  in  diameter 
and  was  mounted  on  a  short  detachable  end 
section  of  the  barrel.  It  was  supported  on 
three  legs,  120°  apart,  two  of  which  were  set 
at  the  same  height  and  the  third  adjusted  to 
give  the  required  angle  of  incidence.  This 
angle  was  measured  to  within  0.013°  with  a 
clinometer.  Sixteen  low  mass  electrical  probes 
were  inserted  through  the  disc  an  a  concentric 
6.33  cm  diameter  circle  and  set  at  a  constant 
distance  from  the  surface  to  give  an  oscillo¬ 
graphic  recording  of  the  projectile  arrival 
time  so  enabling  the  true  angle  of  incidence  to 
be  determined. 

The  brass  samples  were  to  British  Standard 
251  having  a  density  of  8J+A  gm  cm"3  and  with  a 
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nominal  composition  Cu  62  .5/Zn  35  *5/311  1.25,  the 
remainder  being  impurities. 

In  a  separate  series  of  experiments  the 
critical  impact  velocity  for  incipient  fracture 
was  determined  as  90  m.sec"1.  The  impact 
velocity  selected  far  the  oblique  impacts  was 
about  30%  higher  to  show  a  well  defined  fracture 
at  normal  incidence •  The  angle  of  incidence  was 
increased  in  0*5°  steps  until  fracture  was  no 
longer  apparent.  The  impact  velocity  given  by 
the  pressure  calibration  of  the  gun  was  14-8  -  4- 
m.sec"1,  except  at  normal  incidence  where  the 
experiment  formed  Part  of  another  series  and 
gave  142 ±  4-  m.sec"1.  The  actual  angles  of 
incidence  as  determined  by  the  probes  are 
recorded  in  table  1  and  considered  to  be 
accurate  within  3%>» 


Recovered  target  discs  were  sectioned  along 
the  diameter  through  the  first  inpact  point,  the 
surface  polished  and  then  etched  in  dilute 
nitric  acid  to  reveal  the  fracture  pattern.  The 
results  are  shown  in  fig.  2.  As  the  angle  of 
incidence  increases  the  originally  well  defined 
symmetric  fracture  is  displaced  away  from  the 
initial  impact  point  and  reduces  in  size  and 
severity  until  by  2°  it  has  disappeared.  A 
secondary  inclined  fracture  near  the  region 
where  inpact  ceases  is  evident  from  1°  onwards 
and  is  the  only  fracture  remaining  at  2° . 

3.  INTERFRETATIOT  QP  RESUUTS 

The  impact  velocity  used  here  generates 
shock  waves  which,  at  normal  incidence,  after 
reflection  and  interaction  produce  a  tension  of 


FIG:  2  -  Fracture  patterns  in  targets  impacted  at  different  angles  of  incidence  • 
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23  kb  compared  with  the  criticial  tension  of 
14  kb  required  to  cause  incipient  fracture  under 
these  conditions.  The  variation  in  angle  of 
incidence  of  up  to  2°  only  has  a  small  effect  on 
the  impact  pressure  so  the  changes  in  the 
observed  fracture  pattern  must  be  due  to  effects 
modifying  the  primary  wave  interaction  process. 
These  must  be  caused  by  the  stress  relieving 
waves  penetrating  laterally  from  outside  the 
impact  area. 

The  basic  phenomena  can  be  illustrated  by  a 
simple  linearised  hydrodynamic  model  in  which 
all  waves  are  propagated  at  bulk  sound  velocity 
C.  This  is  much  larger  than  the  impact  velocity 
V  so  that  particle  velocity  may  be  neglected  in 
comp  arisen  with  the  propagation  velocity.  The 
model  is  justified  by  noting  that  the  stress  of 
23  kb  is  about  ten  times  larger  than  the 
Hugcniot  elastic  limit  for  this  type  of  brass 
so  that  elasto-plastic  wave  structures  should 
not  deviate  too  much  from  the  hydrodynamic 
prediction  while  at  the  same  time  the  stress  is 
sufficiently  small  to  cause  little  dispersion. 

The  basic  wave  pattern  is  illustrated  in 
fig.  3«  The  target  plate  of  thickness  a  is 
struck  by  a  projectile  plate  of  diameter  d  and 
thickness  b  inclined  at  an  angle  0  to  the  target 
surface  •  Impact  first  occurs  at  time  t  =  0  at 
the  point  Oi  and  the  inqpact  point  travels  along 
the  surface  with  a  phase  velocity  until  the 
inqpact  ends  at  the  point  0  a  at  time  t1  =  d/Ci  • 

At  some  earlier  time  the  inqpact  point  is  at  1 
A  where,  if  0  is  less  than  some  critical  value 
0  ,  shock  fronts  AB  and  AC  are  generated  in  the 
target  and  projectile  respectively  inclined  at 
an  angle  <f>  to  the  interface.  These  reflect  from 
the  free  surfaces  as  rarefaction  fronts  H)  and 
CD  and  the  interaction  at  D  generates  the  ten¬ 
sion  which  causes  fracture .  The  fracture  is 
assumed  to  occur  instantaneously  implying  that 
any  time  dependency  of  the  fracture  process  is 
ignored.  At  time  zero  a  rarefaction  wave  R± 


originates  at  the  point  Oi  and  proceeds  to 
diverge  outwards  with  velocity  C  while  at  time 
t'  a  similar  rarefaction  Ra  originates  from  0a. 
If  the  regular  interaction  point  D  lies  within 
the  range  of  influence  of  the  two  rarefactions 
R±  and  Ra  then  the  regular  tensile  interaction 
process  is  modified  with  consequent  effects  on 
the  fracture  pattern. 

If,  with  respect  to  the  inqpact  point,  a 
steady  two  dimensional  flow  pattern  is  estab¬ 
lished  then  the  phase  velocity  of  the  impact 
point  is  given  by 

s»  V  cosec  0  =  C  coseo  <f> 

Thus  sin  6  =  sin  0  cosec  0 
r  c 

V 

where  sin  6^  =  q 

and  when  sin  Q  >  sin  Qq  this  relation  cannot 
be  satisfied  and  a  steady  flow  pattern  is  no 
longer  possible.  This  is  because  becomes 
subsonic  and  the  rarefaction  Ri  is  always  in 
advance  of  the  inqpact  point  A.  Thus  steady  flow 
at  A,  and  hence  at  D,  can  only  be  initiated  at 
angles  less  than  0  •  However,  since  the  inter¬ 
action  at  D  is  Cdisplaced  in  space  and  time 

from  A,  the  effect  of  rarefactions  Ri  and  Ra  in 
suppressing  the  steady  tensile  interaction 
defines  a  smaller  limiting  angle  0  ,  depending 
on  the  dimensions  of  the  system.  0 

In  the  coordinate  system  shown  in  fig. 3  the 
fracture  plane  is  yQ  =  a-b.  The  interaction 
D  first  occurs  at  position  =  (a*b)  tan  0  at 
time  t  where  Ct  =  (a+b)  sec  °0.  The  point  D 
then  0 moves  acoSrding  to 

x  =  x  +  C,  (t-t  ) 

o  i  '  o' 

or  Ct  =  x  sin  0  ♦  (a+b)  cos  0  (l) 


FIG:  3  ~  Schematic  illustration  of  wave  front  patterns  in  impacting  plates. 
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The  rarefaction  R,^  moves  along  yQ  according  to 
(Ct)°  =  x2  +  (a-b)2  (2) 

and  similarly  for  the  rarefaction  R2 

(Ct  -  d  sin  (f>f  =  (d-x)  +  (a-b)  (3) 

The  interaction  point  D  coincides  with  the 
rarefaction  front  R±  at  x± ,  1 1  given  by  the 
solutions  of  eqns.  (l)  and  (2)  i.e. 

JL 

x±  =  (a+b)  tan  0  +  2(ab)2  sec  0  (4) 

JL 

Ct±  =  (a+b)  sec  0  +  2(ab)2  tan  0 

Thus  when  t  <  t±  the  rarefaction  front  envelopes 
the  interaction  point  and  the  steady  tensile 
interaction  occurs  only  for  x  >  xt. 

Similarly  the  interaction  point  D  coincides 
with  the  rarefaction  front  Ra  at  xa,  ta  given 
by  the  solution  of  eqns  (l)  and  (3)  i.e. 

1 

xa  =  (a+b)  tan  0  -  2(ab)^  sec  0  +  d  (5) 

1 

Cta  =  (a+b)  sec  0  -  2(ab)2  tan  0  +  d  sin  0 

When  t  >  t2  the  rarefaction  Ra  has  enveloped 
the  point  D  so  the  steady  tensile  interaction 
is  confined  to  x  <  xa. 

The  critical  angles  0q,  0q  beyond  which  no 
regular  tensile  interaction  occurs  are  given  by 
putting  x±  =  xa  which  from  eqns.  (4)  and  (5) 
gives 


If  the  impact  velocity  were  equal  to  the 
critical  impact  velocity  VQ  required  to  initiate 
incipient  fracture  in  this  geometry  then  the 
fracture  plane  would  be  confined  between  the 
limits  Xi  and  Xa  •  However,  when  V  >  Vq  the 
stress  may  not  be  relieved  sufficiently  outside 
this  zcne  to  suppress  fracture  and  the  fracture 
can  extend  further,  say  between  limits  x*±  and 
xa  .  We  make  the  single  assumption  that  at 
fracture  time  the  stress  in  the  fracture  plane 
varies  linearly  from  its  constant  value  between 
x±  and  Xg  to  zero  at  x  =  o  and  x  =  d  respect¬ 
ively.  Then 

x[  =  a  xt ,  xa*  =  d(l-a)  +ax2 
where  a  =  Vc/V 

This  defines  a  slightly  larger  angle  of  incid¬ 
ence  0*  at  which  fracture  is  suppressed,  found 
by  putting  xi  =  xi  to  give 


Calculated  results  are  compared  with  experi¬ 
ment  in  table  1  and  the  form  of  the  variation  of 
fracture  location  with  angle  of  incidence  is 
illustrated  in  fig.  4«  It  is  seen  that  the 
estimated  fracture  limits  agree  with  observation 
to  better  than  2  mm  which  considering  the 
uncertainties  in  this  type  of  measurement  must 
be  regarded  as  very  satisfactory.  Theory 
suggests  that  a  small  fracture  should  have  been 
observed  at  an  angle  of  incidence  of  2°  whereas 
nothing  was  detected  visually.  However,  this 
is  the  situation  where  the  two  rarefaction 
waves  Ri  and  Fg  overlap  and  the  assunptions  of 
the  simple  model,  including  ignoring  the  time 
dependency  of  the  fracture  process,  become  less 
justifiable . 


TABLE  1  Comparison  of  calculated  results  with  experiment 
(Far  definition  of  symbols  see  fig.  3  and  text) 
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distance  along  target  surface  (cm) 


PIG-:  4  “  Comparison  of  observed  and  estimated  fracture  zone  limits  as  a  function  of  angle 
of  incidence  • 


The  shape  of  the  secondary  fracture  in  the 
region  where  impact  terminates  suggests  that  it 
is  caused  by  the  interaction  of  rarefaction  3D 
and  Ra  in  fig.  3*  This  would  generate  a  fract¬ 
ure  surface  in  the  form  of  a  shallow  parabola 
with  its  directrix  inclined  at  an  angle  <f>  to  the 
target  surface .  Comparison  of  the  values  of  <j> 
given  in  table  1  with  the  inclination  of  the 
secondary  fractures  evident  in  fig.  2  gives 
reasonable  confirmation  of  their  suggested 
cause • 

Two  dimensional  Lagrangian  mesh  computer 
code  studies  have  been  made  of  the  problem  and 
confirm  the  general  characteristics  of  the 
simple  model  proposed  here.  Because  of  mesh 
size  limitations  and  the  use  of  an  artificial 
viscosity  to  enable  shocks  to  be  described  the 
resolution  of  wave  fronts,  other  than  the 
primary  shocks,  is  poor.  However,  the  computed 
pressure  distributions  are  indicative  of  their 
effect.  In  particular  the  tension  distribution 


in  the  fracture  plane  outside  the  steady  inter¬ 
action  region  is  not  strictly  linear,  but  the 
particular  assumption  of  linearity  in  the  analy¬ 
tic  approach  gives  a  close  approximation  to  the 
confuted  tension  in  the  region  of  interest. 

Thus  the  scheme  for  predicting  fracture  limits 
has  some  justification  when  impact  velocities 
are  not  greatly  in  excess  of  critical. 

The  overall  effect  of  side  rarefactions  is 
to  relieve  tension  by  lateral  flow.  In  detail 
however,  the  interaction  of  rarefaction  R±  or 
Ra  in  fig.  3  with  the  steady  tensile  interaction 
D  would  be  expected  to  locally  enhance  the 
tension.  This  in  fact  is  demonstrated  by  the 
conputational  studies.  Pig.  5(a)  shows  the 
confuted  tension  contours  in  the  target  at  about 
6.8  psec.  after  a  140  m.sec-1  velocity  impact  at 
normal  incidence.  In  the  centre  of  the  target 
the  flow  remains  uniaxial  though  the  tension  is 
slightly  less  than  expected  due  to  artificial 
viscous  smearing.  About  midway  between  the  axis 
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(a) 


Fig:  5  -  Comparison  of  (a) computed  tension  contours  (in  kilobars)  for  a  140  m.sec  1  impact 
at  normal  incidence  with  (b)  observed  fracture  patterns  for  an  86  m. sec"1  intact . 


and  the  location  corresponding  to  the  edge  of  the 
projectile  the  tension  increases  over  a  length  of 
about  1  cm  in  the  fracture  plane.  The  consequ¬ 
ences  of  this  sort  of  effect  can  be  seen  in 
specimens  impacted  at  near  the  critical  velocity 
for  incipient  spalling  when,  in  section,  nominally 
symmetric  fractures  are  produced  off  axis.  Fig .5 
(b)  shows  the  effect  in  a  brass  target  identical 
with  those  used  previously  impacted  at  86  m.sec""1 
at  normal  incidence. 

The  same  type  of  simple  wave  analysis  may  be 
applied  to  situations  in  which  the  projectile 
plate  is  curved.  For  the  configuration  discussed 
above  it  can  be  shown  that  to  obtain  a  quasi  one 
dimensional  incipient  spalling  interaction  on  the 
axis  of  the  target  the  radius  of  curvature  of  the 
projectile  plate  must  be  greater  than  about  50  cm. 
In  our  earliest  experiments  the  radius  of  curva¬ 
ture  was  in  fact  about  10  cm.  Thus  a  uniaxial 
flow  interpretation  was  not  appropriate  and  it  is 
not  surprising  that  the  critical  velocity  for 
incipient  fracture  then  obtained  was  about  five 
times  the  value  now  resulting  from  good  plane 
impacts • 

In  this  investigation  we  have  shown  how 
lateral  rarefactions  have  a  marked  effect  on  the 
flow  patterns  generated  by  slightly  oblique 
impacts  at  the  low  velocities  appropriate  to 
spallation  thresholds.  This  has  been  effectively 
demonstrated  in  a  particular  configuration  by 
observing  the  degeneration  and  final  inhibition 


of  spall  fracture  as  the  angle  of  incidence 
increases  from  0  to  2°.  A  simple  sonic  model 
has  been  used  to  predict  the  fracture  location 
in  these  experiments  and  shows  satisfactory 
agreement  with  observations.  However,  the  treat¬ 
ment  is  questionable  in  regions  where  the  flow 
is  affected  by  lateral  rarefactions  and  the  real 
value  of  the  approach  is  in  assessing  the 
validity  of  applying  a  one  dimensional  interpret¬ 
ation  to  particular  experimental  situations. 
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INTERACTIONS  OF  SPHERICAL  SHOCK  WAVES  IN  WATER 
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High-speed  framing  camera  techniques  were  used  to  study 
underwater  shock  wave  interactions  and  the  associated 
spherical  flow  from  simultaneous  detonation  of  twin,  sepa¬ 
rated  explosive  spheres.  Critical  angles  for  Mach  wave 
formation  varied  from  36°  to  41°  for  incident  pressures 
between  6.5  kbar  and  1.62  kbar.  Predicted  critical  points 
for  the  onset  of  Mach  formation  were  calculated  using  oblique 
shock  reflection  theory  and  an  energy-dependent  form  of  the 
Hugoniot  equation-of-state  for  water. 


INTRODUCTION 

The  oblique  interaction  of  two 
identical  gas  shocks  has  undergone  ex¬ 
tensive  theoretical  analysis  (1,2). 

Also,  the  interactions  of  twin  shocks  in 
several  specific  fluids  including  water 
were  subjected  to  theoretical  study  by 
Seeger  and  Polachek  (3) .  However,  in 
the  latter  case  there  are  few  examples 
of  accurate  experimentation  to  provide 
justification  for  the  theory  (4) .  In 
this  paper  we  present  the  results  of  an 
experimental  and  theoretical  study  of 
the  flow  from  colliding  shock  waves 
produced  by  the  underwater  detonation  of 
two  identical  explosive  spheres.  The 
experimental  study  used  high-speed 
shadowgraph  photography;  the  calculations 
include  the  latest  equation-of-state  data 
for  water  (5) . 

In  Fig.  1  equal  intersecting  shock 
waves  from  two  simultaneous  detonations 
meet  and  reflect  on  the  plane  of  symmetry 
as  a  rigid  wall.  The  theoretical  problem 
of  describing  the  shock  configuration  re¬ 
duces  to  that  of  a  single  spherical  de¬ 
caying  shock  incident  upon  a  rigid 
boundary.  The  parameters  of  the  resulting 
reflected  wave  can  be  calculated  by 
applying  oblique  shock  reflection  theory 
(6)  to  the  propagation  of  the  incident 
shock  wave. 

In  the  experiments  the  pressures  of 
the  reflected  shock  waves  exceed  the 
incident  values  at  the  points  of  inter¬ 
action  on  the  symmetry  plane.  These 
waves  leave  the  collision  plane  and  move 


as  two  new  shocks  receding  from  each 
other  into  fluid  under  compression. 

Along  the  collision  plane  the  constraints 
which  characterize  the  flow,  at  first, 
allow  regular  reflection.  However,  dif¬ 
ferences  from  regular  reflection  occur 
as  the  angle  between  the  shock  front  and 
the  collision  plane  is  increased  or  as 
the  shock  strength  is  increased.  When 
the  boundary  conditions  can  no  longer  be 
satisfied  by  regular  reflection,  a  Mach 
wave  is  formed.  In  air  the  collision  of 
very  weak  spherical  shocks  generated  by 
the  breaking  of  glass  spheres  has  been 


Fig.  1  The  Separated  Charge  Arrangement 
and  a  Sketch  of  Shock  Wave 
Positions  at  the  Point  of  Mach 
Wave  Formation 
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studied  optically  by  Glass  and  Heuchroth 
(7) .  They  and  other  investigators  have 
produced  photographs  revealing  Mach  re¬ 
gions.  However,  we  are  not  aware  of  any 
experimental  studies  by  optical  methods 
to  measure  the  pressure  of  other  proper¬ 
ties  of  this  flow  in  water  (8) .  In  this 
work  we  used  high-speed  framing  camera 
shadowgraph  to  record  details  of  the 
shock  interactions  for  incident  shock 
pressures  between  6.5  kbars  and  1.62 
kbar.  The  reflected  shock  pressures 
were  deduced  from  the  flow  velocities 
and  the  Hugoniot  equation-of-state  of 
water  (9) .  Ther^  the  theoretical  minimum 
critical  angles  and  pressures  for  Mach 
wave  formation  were  compared  with  the 
experimentally  measured  angles  and 
pressures  . 

EXPERIMENTAL 

The  explosive  spheres  in  the  sepa¬ 
rated  charge  arrangement.  Fig.  1,  were 
cast  pentolite  (10),  6.33-cm  diameter, 
each  weighing  225  grams.  They  were 
centrally  initiated  by  0.48-cm  diameter, 
1.27-cm  long  electric  detonators  fired 
simultaneously  (±0.15  usee).  The  sepa¬ 
ration  distance  in  terms  of  charge  radii 
between  the  sphere  centers,  AX,  was 
varied  to  change  the  incident  shock  wave 
pressures  and  thus  the  interaction  pres¬ 
sures  at  the  plane  of  collision.  (See 
Table  I  for  notation.)  The  incident 
angle,  a!  is  the  angle  through  which 
each  shock  wave  strikes  the  collision 
plane.  At  the  first  point  of  collision, 
point  C  on  Fig.  1,  axis  zero  and  the 
flow  is  governed  by  relations  which 
apply  to  normal  incidence  and  normal 
reflection.  As  the  two  incident  shock 
waves  expand,  c*  increases  until  it 
reaches  the  critical  value  where  a  Mach 
wave  is  formed.  Beyond  this  point  the 
Mach  bridge  is  retained  as  a  part  of  the 
expanding  shock  wave  structure.  The 
shock  wave  shadowgraph  measurements  were 
made  using  a  focal-plane  shutter  rotat- 
ing-mirror  framing  camera  (11) .  Figure 
2  shows  the  experimental  arrangement. 

The  explosive  spheres  were  suspended  in 
the  center  of  the  bombproof  aquarium, 
which  consisted  of  a  60-cm  cube  having 
two  sides  made  of  1.27-cm  thick  Plexi¬ 
glas.  Two  argon-filled  exploding  bombs 
(12),  60-cm  long,  provided  short  dura¬ 
tion  high  intensity  backlighting  for  the 
experiments.  Each  bomb  was  capped  on 
one  end  with  a  transparent  shield  and 
on  the  other  end  by  a  5.1-cm  diameter, 
5.1-cm  long  pentolite  cylinder.  The 
bomb  interiors  contained  strips  of 
sheet  explosive  attached  to  the  pento¬ 
lite  cylinder.  The  strong  shocks  of 
^250  kbar  from  the  detonation  of  the 
pentolite  cylinder  and  the  sheet  explo¬ 
sive  produced  highly  luminous  shock 


light  in  the  argon  of  ~300  usee  duration. 
This  light  was  reflected  into  the  aquar¬ 
ium  by  white  cardboard  to  provide 
diffuse  back  illumination  of  the  shock 
events  occurring  in  the  water. 


Fig.  2  Experimental  Arrangement  for 
Shadowgraph  Measurements 

Figure  3  is  a  sequence  of  shadow¬ 
graph  which  show  the  underwater  shock 
wave  interactions  from  two  simultane¬ 
ously  detonated  pentolite  spheres. 

The  spheres  were  suspended  17.8-cm 
apart  center  to  center  (AX  =  5.6).  The 
distance  between  each  pair  of  magnifi¬ 
cation  markers  on  the  bottom  and  right- 
hand  side  of  each  frame  is  5.08  cm. 

The  camera  framing  rate  was  125,000 
frames  per  second.  This  rate  corre¬ 
sponds  to  1.8  usee  between  the  time 
adjacent  frames.  Figure  3  consists  of 
a  selected  group  of  frames  3.6  usee 
apart  (13 ) . 

At  —8  usee  after  initiation  (during 
the  recording  of  frame  IB  of  Fig.  3) 
the  detonation  waves  reach  the  explosive 
water  interface.  The  wave  arrivals  are 
detected  by  growth  in  size  and  the  dif¬ 
ference  in  contrast  of  the  spheres  from 
their  original  appearances  in  the  first 
frame.  In  frame  1C  the  initial  appear¬ 
ances  of  the  underwater  shock  waves  are 
noted.  Each  shock  wave  surges  outward 
at  initial  velocity  ~6000  m/sec  with  a 
peak  pressure  that  exceeds  120  kbars. 

The  opaque  gaseous  products  also  expand 
but  at  a  slower  rate  than  the  outward 
motion  of  the  shock  waves.  This  re¬ 
sult  is  confirmed  in  Fig.  4  which 
compares  the  propagation  rates  of  shock 
waves  and  product  gas  bubbles  from  the 
underwater  detonation  of  pentolite 
spheres . 

The  two  spherically  expanding 
shock  waves  collide  at  ~36.3  usee  after 
detonation  in  frame  4C  of  Fig.  3.  The 
velocity  of  each  shock  wave  at  the 
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Fig.  3A  and  3B  Framing  Camera  Shadowgraphs  of  Shock  Wave 
Interaction  from  Separated  Twin  Explosive 
Spheres,  3.6  usee  Between  Time— Ad jacent 
Frames 
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time  of  collision  is  2.25  mm/usec  and 
the  peak  pressure  is  8.0  kbar.  Imme¬ 
diately  after  collision,  a  region  of 
regular  reflection  is  produced  on  the 
plane  of  symmetry  between  the  spheres. 

The  first  appearance  of  the  Mach 
interaction  occurs  about  18  usee  after 
the  head-on  collision.  Figure  5  is  a 
sketch  of  wave  front  propagations  ob¬ 
served  in  Fig.  3  showing  the  occurrence 
and  position  of  the  Mach  wave  formation. 
At  this  point  the  angle  ai is  37° .  The 
bridge  of  the  Mach  wave  increases  in 
size  as  the  wave  moves  outward.  We 
note,  e.g.  in  Fig.  3  frame  12C,  when 
the  interaction  front  is  20-cm  from  the 
line  joining  the  centers  of  the  explosive 
spheres,  the  Mach  bridge  is  4-cm  wide. 


Fig.  4  Underwater  Shock  Propagation 
Time  vs  Distance  from  Initial 
Detonation  Break  Out  on  the 
Surface  of  Pentolite  Spheres 

As  events  progress,  each  of  the  two 
intersecting  underwater  shock  waves 
collides  with  the  product  gas  bubble 
from  the  other  sphere.  These  collisions 
result  in  two  backward-facing  rarefaction 
waves  which  propagate  to  the  point  of 
the  initial  interaction.  The  collision 
of  the  rarefaction  waves  produces  a  re¬ 
gion  of  cavitation.  This  result  is 
characterized  in  Fig.  3  by  the  growth 
of  the  black  spot  of  bubbles  in  the 
central  region  between  the  slowly  ad¬ 
vancing  product  gas  bubbles .  In  our 
interaction  experiments,  the  collision 
of  underwater  rarefaction  waves  of 
equal  strength  generally  produced  a 
cavitation  region  which  grew  as  a 


symmetrical  disc,  reaching  its  maximum 
size  in  ~40  usee. 


TIME  AFTER  DETONATION  I^SEC) 
32.7  87.2  141.7 


Fig.  5  Time  Profiles  of  the  Collision 
of  Two  Equal  Spherically  Ex¬ 
panding  Underwater  Shock  Waves 
Showing  Mach  Wave  Formation 
(10.9  usee  Between  Successive 
Wave  Fronts) 

The  velocities  of  the  underwater 
shock  waves  were  obtained  from  the 
slopes  of  the  distance-time  curves 
(Fig.  5).  The  shock  wave  velocities 
were  converted  to  their  corresponding 
peak  pressures  by  a  seventh  power  poly¬ 
nomial  treatment  of  equation-of -state 
data  for  water  (14)  .  Figure  6  gives 
the  peak  pressure  curves  for  the  inter¬ 
action  wave  as  it  advances  along  the 
plane  of  symmetry  between  the  two 
separated  spheres.  These  data  are 
compared  to  the  measurements  for  a 
single  two-pound  pentolite  sphere.  (In 
this  comparison  the  radial  distances, 
r/rg,  refer  to  the  radius  of  a  single 
pentolite  sphere  equal  in  weight  to  the 
total  weight  of  the  two  separated  spheres.) 
The  curve  for  the  single  sphere  repre¬ 
sents  data  from  more  than  twenty  experi¬ 
ments  in  which  optical  measurements  were 
made  of  shock  wave  propagation  from 
453-gram  and  1800-gram  pentolite  spheres 
(15) .  The  measurements  are  probably 
accurate  to  ~2%.  At  R/Rq  =  1,  the 
initial  shock  wave  peak  pressure  is  120 
kbar  in  the  water  at  the  surface  of  a 
centrally  detonated,  single  pentolite 
sphere  (15) .  We  note  in  Fig.  6  that  at 
r/rq  =  2  the  pressure  decays  to  17.5 
kbar,  a  value  which  is  ~10%  to  50% 
smaller  than  the  peak  pressure  from  the 
interaction  of  two  separated  spheres. 

This  over-pressure  is  increased  as  the 
initial  collision  pressure  is  decreased 
throughout  the  range  of  our  experiments. 
For  example,  at  R/Rc  =  5  the  interaction 
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peak  pressure  is  6.1  kbar  from  twin  ex¬ 
plosive  spheres,  each  weighing  225  grams 
and  separated  by  11.1  radii  (26.7  cm 
between  centers)  and  4.1  kbar  for  charges 
separated  by  5.1  radii  (16.2  cm  between 
charge  centers).  For  comparison  a  453- 
gram  pentolite  sphere  will  give  a  peak 


1  II  II _ _  M  w\i _ _ 

1  1.5  2  3  4  5  6  7  8  10  15  20  25 
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Fig.  6  Underwater  Shock  Wave  Pressure- 
Distance  Curves  from  a  Single 
Pentolite  Sphere,  Weight  Wx , 
and  from  Twin  Pentolite  Spheres, 
Total  Weight  Wt .  AX  is  the 
Separation  Distance  Between  Twin 
Spheres 

In  the  calculations  we  considered 
the  flow  in  the  immediate  vicinity  of 
the  point  A,  Fig.  7,  when  the  incident 
shock,  S,  strikes  the  rigid  wall, 
obliquely  through  angle  and  is  re¬ 
flected  as  S'  which  leaves  the  wall 
through  angle  <x8 .  The  coordinates  are 
chosen  with  respect  to  an  observer 
moving  along  the  wall  with  the  point  A. 
The  incident  and  reflected  shocks  divide 
the  medium  into  three  regions  (0),  (1), 

and  (2) .  The  velocities  in  each  region 
are  assumed  constant  and  the  velocity 
vectors,  N  and  L  are  normal  and  tangent 
respectively  to  the  appropriate  shock. 

The  initial  flow,  q0 ,  is  diverted  through 


angle  6X  by  the  incident  shock  and 
through  by  the  reflected  shock. 

These  angles  are  equal  since  the  initial 
flow  and  the  final  flow  are  parallel  to 
the  wall.  Also,  we  assume  the  incident 
shock  is  planar  at  the  boundary  wall? 


Fig.  7  Geometry  of  Oblique  Shock  Wave 
Reflection  off  a  Rigid  Wall 


tangential  flow  across  either  of  the 
shock  waves  is  prohibited.  Therefore 


L 

o 


,  and 


(1) 


K 


H 


(2) 


(Though  our  experiments  show  this  inci¬ 
dent  shock  is  actually  a  spherically 
diverging  and  decaying  wave,  the  error 
introduced  by  the  one-dimensional 
approach  is  relatively  small.)  Conser¬ 
vation  of  mass  and  momentum  across  each 
shock  is  expressed  as 

poNo  =  P1N1  for  S  (3) 


°lNo  =  P2N1  for  S'  (4) 

poNo  +  Po  =  °1N1  +  P1  for  S  (5) 
°1NC>2  +  P1  =  P2N12  +  P2  for  S’  (6) 


Using  the  method  of  Courant  and  Fried¬ 
richs  (1),  we  combine  Eqs .  ( 1 )  —  (6 )  to 

relate  the  pressure  and  density  in  the 
three  regions  to  the  velocity  vectors. 


i  .e . , 


*  *i> 

(7) 

■4  „ 

(qx 

-  q2) 

(8) 

- 
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(10) 
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Since  the  rigid  boundary  requires 
that  the  flow  behind  the  reflected  shock 
be  parallel  to  the  incident  flow,  the 
direction  of  the  vectors  q0  and  q2  are 
such  that 

qQ  x  q2  =  0  (11) 


Therefore,  the  angle 


we  express  as 

-4  -4 


*1 


^2 


(12) 


where  k  =  1.  (This  is  cos  =  cos  5^) 
If  k  has  any  value  other  than  unity,  the 
final  flow  is  inclined  to  the  original 
flow . 


The  head-on  collision  between  two 
equal  shocks  was  treated  with  the  same 
approach  as  the  oblique  shock  but  with 
simplification  since  o.x  is  zero.  For 
this  case  the  pressures  and  densities 
behind  the  reflected  and  incident  shock 
fronts  are  related  by 


Equations  (16)  and  (15)  were  solved 
simultaneously  for  the  densities  and 
pressures  in  the  reflected  shock  states 
resulting  from  normally  incident  shocks. 

THEORETICAL  RESULTS  AND  COMPARISONS 
WITH  EXPERIMENT 


Equations  (7)- (12)  were  combined  by 


Erkman  (16) 
assuming  P0 


pi  - 


to  relate  o7, 
is  zero.  The 

/v  x2/  2 

(kDoqo) 
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it  2,  and  q0  , 
relation  is 
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With  k  =  1,  Eq.  (13)  is  a  fourth 
degree  equation  in  ^  having  one  posi¬ 
tive  real  root  in  the  region  of  interest. 
This  region  is  between  the  value  of  p0/pa 
for  the  reflection  of  a  normally  incident 
shock  and  the  value  of  d0/Pb  f°r  which 
regular  reflection  of  oblique  shocks  is 
no  longer  possible.  Equation  (13) 
solved  simultaneously  with  the  equation 
of  state  gives  the  reflected  shock 
states  before  Mach  wave  formation. 


For  conditions  across  the  incident 
wave  front,  we  used  the  conservation 
equations  and  the  Rice-Walsh  equation 
(9)  relating  the  shock  velocity  (Us)  and 
particle  velocity  (up)  of  water, 

U  =  0.1483  +  1.099  In  (1  +  u  /0.519). 

S  P  (14) 

We  obtained  the  density,  pressure, 
and  internal  energy  behind  the  reflected 
wave  by  re-applying  the  conservation 
equations  and  incorporating  the  energy- 
dependent  equation  of  state  derived  by 
Walker  and  Sternberg  (5), 


where  flf  f 3 ,  f 3 ,  and  f4  are  polynomials 
in  the  internal  energy  fitted  to  experi¬ 
mental  data.  Equations  (13)  and  (15) 
were  solved  simultaneously  by  iteration 
to  obtain  the  shock  parameters  associated 
with  the  reflected  wave. 


Reflected  shock  pressures  and  re¬ 
flected  shock  angles  were  calculated  for 
the  decaying  incident  shocks  of  five 
experimental  separated  charge  arrange¬ 
ments  .  The  incident  shock  angles  were 
incrementally  increased  from  zero  (normal 
incidence  to  the  point  where  regular 
reflection  no  longer  occurs  and  a  Mach 
wave  is  formed.  The  incremental  in¬ 
creases  of  incident  angles  were 
accompanied  by  incident  pressure  in¬ 
creases.  The  relation  between  incident 
angle  and  incident  pressure  was  obtained 
from  the  experimental  pressure-distance 
measurements  for  a  single  sphere,  Fig.  6. 

Figures  8  and  9  were  calculated 
assuming  non-decaying  incident  waves 
with  incident  pressures  of  10.3  kbar  to 
1.0  kbar  and  non-decaying  incident  waves 
with  incident  pressure  values  that  were 
measured  in  five  separated  charge  con¬ 
figurations.  Figure  8  shows  the  reflec¬ 
tion  angle  as  a  function  of  the  incident 
angle.  We  note  the  critical  angle  for 
Mach  wave  formation  increases  as  the 
incident  pressure  decreases,  ranging 
from  31  degrees  for  a  10.3  kbar  shock  to 
50  degrees  for  1.0  kbar  shock.  Experi¬ 
mentally,  increases  in  charge  separation 
AX,  cause  decreases  in  the  incident 
pressure  at  the  reflection  plane  thus 
increasing  the  magnitude  of  the  critical 
angle.  We  found,  however,  at  Mach 
formation  that  the  incident  and  reflected 
angles  were  related  by  afi  =  45°  +  a1/2. 

Figure  9  shows  the  ratio  of  reflec¬ 
ted  pressure  to  the  incident  pressure  as 
a  function  of  the  incident  angle.  At 
the  occurrence  of  Mach  wave  formation 
the  pressure  ratio  ranges  from  4.3  for 
the  10.3  kbar  incident  shock  to  3.3  for 
the  1.0  kbar  shock.  The  calculated  data 
for  the  five  experimental,  separated 
charge  arrangements  are  within  this  range. 
In  Fig.  9  at  a!  =  0°  the  pressure  ratios 
describe  normal  reflection,  i.e.,  the 
head-on  collision  of  two  equal  shocks. 

For  this  occurrence  we  find  that  the 
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reflected  wave  is  2.82  times  as  strong, 
i.e.,  Ps  =  29.0  kbar  from  the  normally 
incident  wave  of  10.3  kbar.  The  pressure 
ratios  decrease  as  the  incident  pressure 
decreases  and  gradually  approaches  the 
acoustic  value. 


/  im/iucni  vtmvc 

0  30  60  90 

INCIDENT  ANGLE  a  ,  [DEGREES) 


Fig.  8  Reflected  Angle  as  a  Function 
of  the  Incident  Angle  for  Five 
Separated  Charge  Arrangements 
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Fig.  9  The  Ratio  of  Reflected  Pressure 
to  Incident  Pressure  as  a  Func¬ 
tion  of  the  Incident  Angle  For 
Five  Separated  Charge  Arrange¬ 
ments 


In  Table  II  we  list  the  experi¬ 
mental  and  theoretical  critical  incident 
shock  angles  that  generated  Mach  waves 
in  the  five  different  charge  separations 
of  the  above  experiments.  For  these  AX 
values  the  corresponding  reflected  shock 
pressures  and  angles  of  shock  reflection 
also  were  calculated.  The  experimental 
data  show  an  essentially  constant 
critical  angle  ~37°  for  AX  between  5.1 
and  8.1.  Both  the  calculations  and  the 
experiments  show  an  increase  in  be¬ 
tween  AX  =  8.1  and  AX  =  11.1.  The 
calculated  and  experimental  values  for 
the  critical  incident  shock  pressures 
which  generated  the  Mach  waves  are  in 
reasonably  good  agreement.  The  dif¬ 
ferences  increase  as  AX  increases . 

We  attribute  the  differences  be¬ 
tween  the  calculated  and  the  experi¬ 
mentally  determined  aM  values  partially 
to  the  fact  that  the  theory  can  not 
consider  the  effects  of  rarefaction 
waves  which  alter  the  strength  and 
perhaps  the  direction  of  the  experi¬ 
mental  interacting  shocks.  Also,  the 
shock  wave  at  the  reflection  plane, 
though  assumed  to  be  planar  is  in  fact 
not  planar  as  the  experiments  show. 


TABLE  I 
NOTATION 


p 

= 

pressure 

k 

= 

constant 

Us 

= 

shock  velocity 

UP 

= 

particle  velocity 

E 

= 

internal  energy 

f 

a 

equation  of  state  function 

AX 

center  to  center  distance  be¬ 
tween  spheres  in  terms  of  radius 
of  the  spheres 

Ro 

radius  of  a  sphere,  weight  wx , 
twice  the  weight  of  a  single 
sphere 

R 

radius  of  the  shock  wave  at  any 
point  on  the  plane  of  symmetry 
or  radius  of  the  collision  circle 
on  the  plane  of  symmetry 

Subscript  0  refers  to  fluid  at  rest, 
ambient  condition 

1  refers  to  the  incident  shock 
wave 

2  refers  to  the  reflected 
shock  wave 

M  refers  to  Mach  reflection 

s 

= 

incident  shock 

s ' 

= 

reflected  shock 

al 

= 

angle  of  shock  incidence 
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TABLE 

I,  continued 

a2 

= 

angle  of  shock  reflection 

«„ 

= 

angle  0^  at  the  point  where  Mach 
reflection  begins 

q 

= 

velocity  flow  vector 

N 

= 

normal  component  of  velocity 
vector 

L 

= 

tangential  component  of  velocity 
vector 

0 

= 

density 

* 

= 

angle  of  flow  divergence 

TABLE  II 

COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL 
SHOCK  WAVE  PARAMETERS  FOR  MACH  WAVE 
FORMATION  IN  WATER 


Theoretical  Values 

Experimental  Values 

AX 

pi 

ttM 

Pi 

aM 

(kbar ) 

(deg) 

(kbar) 

(deg) 

5.1 

6.79 

32.98 

6.50 

36 

6.1 

4.81 

35.13 

4.60 

37 

7.1 

3.58 

37.38 

3.63 

37 

8.1 

2.71 

39.77 

2.95 

37 

11.1 

1.43 

45.96 

1.62 

41 
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THE  SPEED  OF  PROPAGATION  OF  RELEASE  WAVES 
IN  POLYMETHYL  METHACRYLATE* 


Karl  W.  Schuler 

Sandia  Laboratories,  Albuquerque 


A  constitutive  equation  determined  from  observations  of  compressive 
waves  in  polymethyl  methacrylate  (PMMA)  is  used  to  calculate  the 
speeds  of  acceleration  waves,  and  the  results  are  compared  with 
experimentally  measured  release  wave  speeds.  Below  about  6kbar, 
the  calculations  and  measurements  are  in  good  agreement,  while 
above  this  stress  they  diverge. 


INTRODUCTION 

Experimental  observations  have  dis¬ 
closed  that  a  nonlinear  viscoelastic 
constitutive  equation  is  required  to 
describe  stress  wave  propagation  in 
polymeric  materials.  These  experiments 
used  laser  interferometry  [1,2]  to 
observe  the  detailed  structure  of  finite 
amplitude  waves  produced  during  plate 
impacts  [3,4].  The  experiments  were 
designed  to  include  the  observation  of 
release  waves  which  result  from  the 
reflection  of  the  compressive  wave  from 
the  free  surface  of  the  flyer  plate. 

This  experimental  configuration  is  shown 
schematically  in  the  X-t  diagram  of 
Fig.  1.  This  study  presents  measurements 
of  the  speed  of  release  wave  fronts  made 
in  a  series  of  experiments  of  this  type 
which  were  conducted  on  polymethyl  meth¬ 
acrylate  (PMMA) .  These  wave  fronts  are 
modeled  as  acceleration  waves  which,  in 
the  context  of  singular  surfaces,  are 
fronts  across  which  the  acceleration 
undergoes  a  discontinuity.  Calculations 
of  acceleration  wave  speeds  based  on  the 
constitutive  equation  for  a  finite  linear 
viscoelastic  fluid  [5]  are  compared  with 
experimental  results. 

First,  for  completeness,  well-known 
results  on  acceleration  wave  propagation 
are  reviewed  [6],  and  a  general  expres¬ 
sion  for  acceleration  wave  speeds  in 
terms  of  the  response  functions  of  a 
finite  linear  viscoelastic  fluid  is  cal¬ 
culated.  This  expression  shows  that  the 


*This  work  supported  by  United  States 
Atomic  Energy  Commission. 


Fig.  1  -  Schematic  X-t  diagram  of 
plate  impact  experiment 


acceleration  wave  speed  depends  on  the 
deformation  history.  By  considering  two 
limiting  cases,  the  extent  of  this  his¬ 
tory  dependence  is  evaluated.  Then,  the 
manner  in  which  the  response  functions 
of  the  constitutive  equation  are  deter¬ 
mined  from  the  experimental  data  is 
reviewed.  Finally,  curves  showing  the 
acceleration  wave  speeds  which  corre¬ 
spond  to  the  limiting  histories  are 
presented.  The  predicted  acceleration 
wave  speeds  are  used  as  a  check  on  the 
consistency  of  the  steady  wave  analysis 
which  was  employed  in  the  data  reduction. 
A  comparison  of  the  experimental  data 
with  the  calculated  acceleration  wave 
speed  concludes  the  study. 
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ACCELERATION  WAVES 

The  experiments  were  designed  so 
that  observations  of  both  the  compres¬ 
sive  and  release  waves  were  completed 
before  the  arrival  of  disturbances  from 
the  lateral  surfaces  of  the  plates. 

Since  the  material  is  assumed  to  be  iso¬ 
tropic,  the  motion  during  the  time  of 
observation  is  that  of  one  dimensional 
strain.  Thus, 

x  =  x(X, t)  (1) 

gives  the  spatial  position  at  time  t 
of  the  material  particle  whose  position 
in  a  fixed  reference  configuration  was 
X.  The  velocity,  v,  of  the  particle  is 
given  by 


From  (2),  (3),  and  (5),  it  is  easily 
shown  that 

[If]  -  "  '-7  [If]  <‘> 

~  ~  P  ~  ~ 

From  the  balance  of  linear  momentum  it 
follows  that 


M  ■  - ..  M 

where  the  stress,  T,  has  been  regarded 
as  positive  in  compression.  Because  the 
stress  is  continuous  across  an  accelera¬ 
tion  wave,  it  is  possible,  by  using  (5), 
to  rewrite  (7)  as 


V  =  If  (x,t)  (2) 

and  the  ratio  of  the  density  of  the 
reference  configuration,  p,  is  given  by 

^  ■  «> 

An  acceleration  wave  is  defined  as 

a  singular  surface  moving  with  respect 
to  the  material  and  across  which  x,  v, 
and  p  are  continuous  while  the  deriva¬ 
tives  of  v  and  p  suffer  jump  discontinu¬ 
ities.  Thus  studies  of  acceleration 
waves  may  be  viewed  as  the  study  of  the 
propagation  of  weak  (nonshock)  disturb¬ 
ances.  And,  indeed,  the  relationship 
between  acceleration  waves  and  ultrasonic 
sinusoidal  progressive  waves  has  been 
indicated  by  Coleman  and  Gurtin  [7]. 

If  at  time  t  the  acceleration  wave 
is  located  at  the  material  point  Y(t) , 
then  the  intrinsic  velocity  of  the  wave 
is  given  by 


U  =  ft  Y<fc>  <4> 

If  f+  and  f“  represent  the  magnitude  of 
f(x,t)  immediately  ahead  of  and  behind 
the  wave,  respectively,  then 

If]  =  f-  -  f+ 

indicates  the  magnitude  of  the  jump  in 
f  across  the  wave.  With  the  above  nota¬ 
tion,  Maxwell's  Theorem  [6]  asserts  that 
if  f(X,t)  is  a  continuous  function  of 
X,t  whose  derivatives  suffer  jump  dis¬ 
continuities  at  the  wave  front  but  are 
continuous  everywhere  else,  then 


Finally,  (6)  and  (8)  may  be  solved  for 
lj2  yielding 


It  was  shown  by  Schuler  [3]  that  for 
uniaxial  strain  the  constitutive  equa¬ 
tion  of  a  finite  linear  viscoelastic 
fluid  reduces  to 

T  =  p(p)  + 

y~K(p(t);  t-T)  _1]  dT  >  UO) 


where  p(p)  and  K(p;t-T)  are  material 

functions.  Evaluating  fr0m  (10) 

and  substituting  into  (8) ,  it  follows 
that  the  speed  of  an  acceleration  wave 
in  a  finite  linear  viscoelastic  fluid 
is  given  by 


p(t) 

P2(t) 


dT 


(11) 


It  is  clear  from  (11)  that  the  accelera¬ 
tion  wave  speed  in  these  materials  is 
dependent  on  the  history  of  the  deforma¬ 
tion  . 
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Ideally,  in  order  to  compare  the 
predictions  of  (11)  with  the  experimen¬ 
tal  observation  of  release  waves,  the 
following  procedure  should  be  followed: 
(a)  determine  the  history  of  the  defor¬ 
mation  at  particles  through  which  the 
release  wave  passes;  (b)  use  (11)  to 
determine  U  as  a  function  of  time  at 
each  particle,  and,  (c)  use  (4)  to 
determine  the  material  trajectory  of  the 
release  wave  front.  Clearly,  this  pro¬ 
cedure  will  be  difficult.  For  example, 
the  deformation  history  experienced  by 
a  particle  located  at  the  free  surface 
of  the  flyer  plate  consists  of  a  sudden 
jump  in  strain  caused  by  the  arrival  of 
the  shock.  Hence  the  acceleration  wave 
speed  at  this  particle  can  be  found 
from  (11)  by  using  the  jump  history: 


p(t) 


A 

p  ,  T  =  t 
pQ  -  ®  <  T  <  t 


(12) 


In  contrast  to  what  occurs  at  this  posi¬ 
tion,  a  particle  located  at  the  impact 
surface  has  a  relatively  long  time  to 
reach  equilibrium  prior  to  the  arrival 
of  the  release  wave.  If  this  particle 
does  reach  equilibrium,  the  appropriate 
history  to  employ  in  (11)  is  the  rest 
history,  i.e., 


p(t)  =  p  ,  -  »  <  T  S  t.  (13) 


At  other  particles  in  the  path  of  the 
release  wave,  it  is  not  clear  what  might 
be  a  reasonable  history  to  assume. 

However,  since  (12)  and  (13)  repre¬ 
sent  extremes,  consideration  of  these 
two  histories  should  provide  bounds  on 
the  variation  of  the  acceleration  wave 
speed.  Additional  motivation  for  the 
consideration  of  the  histories  given  by 
(12)  and  (13)  arises  from  noting  that 
the  thickness  of  the  flyer  plate  is  the 
essential  feature  in  determining  the 
history  seen  by  a  particle  in  the  path 
of  the  release  wave.  If  the  flyer  is 
very  thin,  then  the  release  wave  passes 
through  a  region  which  is  far  from 
equilibrium  in  that  it  has  just  experi¬ 
enced  a  jump  in  strain  caused  by  the 
passage  of  a  shock  wave.  On  the  other 
hand,  if  the  flyer  plate  is  very  thick, 
then  the  release  wave  travels  through  a 
region  which  for  the  most  part  has 
reached  equilibrium. 

It  is  easily  shown  that  for  the  jump 
history,  (12),  the  wave  speed  predicted 
by  (11)  is 


while  that  corresponding  the  rest  his¬ 
tory,  (13),  is  given  by 

u2-(fe)2fe+p‘<o-5))-  <i5) 

where,  in  both  (14)  and  (15),  the  quan¬ 
tity  0(t-T;p),  the  stress  relaxation 
function,  is  given  by 


0(t-r;p)  =  J  K(*;p)  .  (16) 

t  -T 

Hereafter  and  Un  will  denote  the 
velocities  given  by  (14)  and  (15), 
respectively . 

From  (14)  and  (15)  it  is  clear  that  the 
functions  p  and  0  as  functions  of  p  must 
be  specified.  This  has  been  done  for 
PMMA  by  observing  compressive  wave  prop¬ 
agation.  In  the  next  section  these 
results  are  reviewed. 


DETERMINATION  OF  MATERIAL  PARAMETERS 

Detailed  measurements  of  the  com¬ 
pressive  wave  propagating  in  polymethyl 
methacrylate  (PMMA)*  were  carried  out 
by  using  a  velocity  interferometer  to 
observe  the  motion  of  a  mirror  which 
was  imbedded  in  the  target  plate.  The 
location  of  the  mirror,  in  Fig.  1, 
was  varied  from  6  to  37  mm;  this  varia¬ 
tion  allowed  observation  of  the  wax  in 
which  the  wave  structure  changed  with, 
propagation  distance.  A  typical  parti¬ 
cle  velocity  history  is  shown  in  Fig.  2. 
Here,  point  A  will  be  termed  the  head 
of  the  compressive  wave,  point  B  the 
tail.  It  was  found  from  these  observa¬ 
tions  that  the  compressive  wave  Drofile 
was  steady  (did  not  change  shape)  for 
experiments  in  which  the  stresses  were 
below  about  6  kbar.  For  experiments  in 


*The  polymethyl  methacrylate  used  in 
these  experiments  was  Plexiglas  pro¬ 
duced  by  Rohm  &  Haas  Company.  For  a 
more  complete  description  of  these 
experiments  see  [3,4]. 
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Fig.  2  -  Particle  velocity  history  observed  in  PMMA  6.359  mm 
from  the  impact  surface  (flyer  plate  impacted  at 
.450  mm/usec  and  was  6.568  mm  thick) 


which  the  stress  exceeded  this  level,  a 
spreading  of  the  compressive  wavefront 
was  observed.  However,  at  large  dis¬ 
tance  from  the  impact  surface ,  the  amount 
of  this  spreading  was  seen  to  decrease; 
this  suggests  that  wave  profiles  obtained 
from  large  mirror  distances  could  be  con¬ 
sidered  steady. 

From  the  constitutive  equation  (10), 
it  is  easily  shown  that  the  stress 
developed  when  the  material  is  subjected 
to  the  jump  history  (12)  is  given  by 

T  =  P($)  +  0(O;p)  [(f^)2  -l]  (17) 

where  0(O;p)  is  given  by  (16).  This 
stress-density  function  will  be  termed 
the  instantaneous  stress-density  func¬ 
tion,  Tj.  Similarly,  it  can  be  shown 
that  the  stress  developed  when  the 
material  is  subjected  to  the  rest  his¬ 
tory  (13)  is  given  by 


which  is  the  result  one  would  expect  if 
the  material  were  elastic  and  loaded  and 
unloaded  along  Tt.  In  a  similar  way, 

U2  can  be  related  to  the  slope  of  the 
instantaneous  stress-density  curve  which 
passes  through  a  point  on  the  equilib¬ 
rium  stress-density  curve.  Of  course, 
the  instantaneous  stress-density  curve 
centered  on  some  point  of  TE  differs 
from  (17)  which  is  the  instantaneous 
stress  density  curve  centered  at  pQ. 

If  the  wave  is  a  steady  wave,  prop¬ 
agating  with  velocity  Us ,  it  can  be 
shown  [3]  that  the  balance  of  mass  and 
momentum  require  that 


T  = 
1  - 


pn  U  v 
o  s 


V 

U 


(20) 


T  =  p(p)  (18) 

This  function  will  be  termed  the  equilib¬ 
rium  stress-density  function,  TE .  Thus 
if  Ti  and  Te  can  be  determined,  it  fol¬ 
lows  from  (17)  and  (18)  that  p(p)  and 
0(O;p)  can  be  found. 

Substituting  (17)  into  (14)  shows 
that  the  wave  speed  is  given  by 


hold  at  each  point  of  the  wave.*  Thus, 
measurement  of  the  particle  velocity,  v, 
and  steady  wave  velocity,  Us ,  determines 

*If  the  wave  is  not  steady,  then  (20) 
still  holds  at  the  shock  front,  with 
Ue  equal  to  the  shock  velocity;  hence, 
the  determination  of  Tj  is  independent 
of  the  steady  wave  assumption. 
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the  stress  and  the  density.  In  partic¬ 
ular,  the  particle  velocity  jump  at  the 
shock,  vQ,  and  the  maximum  particle 
velocity,  vtt,  at  the  tail  of  the  wave 
can  be  used  to  find  Tj  and  Tg  respec- 
t ive ly . 

In  keeping  with  conventional  shock 
wave  practice,  is  given  parametri¬ 
cally  by  a  nUs-Up"  curve.  For  PMMA ,  it 
was  found  that  the  steady  wave  velocity 
(shock  velocity)  could  be  well  fitted  by 
the  following  function  of  particle 
velocity  jump  at  the  shock 

U  =  2.763  +  3.626  v  +  5.644  v  2.  (21) 
s  o  o 

For  Tg,  it  was  found  that 

p(p)  =  89.28  e  +  699.41  e2  -  3688.7  e3, 

(22) 

where  e  =  (l-(pQ/p))  =  v^/Ug, 

provided  the  best  fit  to  the  experi¬ 
mental  data.  The  data  points  through 
which  (22)  was  fitted  consisted  of  all 
data  points  obtained  in  experiments  con¬ 
ducted  at  stress  levels  below  6  kbar . 
From  those  experiments  conducted  above 
this  stress  level,  only  those  in  which 
observations  were  made  at  a  large  dis¬ 
tance  from  the  impact  surface  (37  mm) 
were  used. 


CALCULATION  AND  A  DISCUSSION  OF  THE 
SPEEDS  Ux,  U2 

From  the  results  of  (12)-(21),  the 
wave  speeds  U^  and  U2  were  calculated  as 
functions  of  strain,  e.  The  results  of 
these  calculations  are  shown  in  Fig.  3. 

It  is  seen  that  Ui,  the  speed  correspond¬ 
ing  to  the  jump  history,  is  greater  than 
Uo  ,  the  speed  corresponding  to  the  rest 
history.  Both  speeds  pass  through  a 
maximum  which  occurs  at  a  strain  of 
about  6%.  This  maximum  is  a  reflection 
of  the  fact  that  both  the  instantaneous 
and  equilibrium  stress-density  curves 
have  an  inflection  point  at  a  strain  of 
about  67o. 

Before  comparing  these  results  to 
the  experimental  data,  the  consistency 
of  the  steady  wave  assumption  with  these 
results  is  investigated.  Intuitively,  a 
steady  wave  in  a  viscoelastic  material 
results  from  a  balance  being  achieved 
between  the  tendency  of  the  wave  to 
decay  due  to  dissipation  and  to  grow 
due  to  nonlinear  stress-strain  behavior. 
Hence,  in  order  to  have  a  steady  wave, 
each  part  of  the  wave  must  tend  to  over¬ 
take  the  part  ahead  of  it;  i.e.,  the 


local  acceleration  wave  speed  should  not 
decrease  from  the  head  to  the  tail  of 
the  wave.  This  criterion  is  essentially 
the  sufficiency  requirement  used  by 
Greenberg  [8]  to  prove  the  existence  of 
steady  waves  in  viscoelastic  materials. 

For  a  given  wave  velocity,  the 
curves  labeled  I  and  II  on  Fig.  3  give 
the  strain  at  the  head  and  the  tail  of 
a  steady  wave,  respectively.  Thus,  for 
a  steady  wave  propagating  at  3.1  mm/psec, 
the  strain  at  the  head  of  the  wave 
(i.e.,  just  behind  the  shock)  is  given 
by  point  (A) ,  while  the  strain  at  the 
tail  of  the  wave  is  given  by  point  (B) . 
These  curves  were  calculated  from  (20) 
along  with  either  (21)  or  (22). 

But  Un  and  Uo  are  the  acceleration 
wave  speeds  at  the  head  and  the  tail 
respectively  of  a  steady  wave.  Thus, 
for  a  steady  wave  traveling  at  about 
3.1  mm/iisec,  point  (C)  gives  the  accel¬ 
eration  wave  speed  at  the  head  of  the 
steady  wave,  while  point  (D)  gives  the 
acceleration  wave  speed  at  the  tail. 

Note  that,  for  a  steady  wave  speed 
of  3.1  mm/ijsec,  the  acceleration  wave 
speeds  at  the  head  and  tail  of  the  wave, 
i.e.,  at  points  (C)  and  (D) ,  are  almost 
identical.  For  steady  waves  traveling 
slower  than  3.1  mm/jisec,  the  accelera¬ 
tion  wave  speed  at  the  tail  of  the  wave, 
point  (E) ,  is  greater  than  that  at  the 
head,  point  (F),  while  the  reverse  is 
true  for  waves  traveling  faster  than 
this  velocity.  Thus,  based  on  the  suf¬ 
ficiency  criterion  outlined  above,  it 
can  be  concluded  that  the  existence  of 
a  steady  wave  traveling  faster  than 
3.1  mm/[isec  is  not  consistent  with  the 
constitutive  equation.*  This  steady 
wave  speed  corresponds  to  a  stress  level 
of  about  6  kbar.  Thus  the  assumptions 
made  in  the  previous  section  must  be 
modified  to  allow  for  nonsteady  waves 
above  6  kbar  and  a  new  determination  of 
Tf  must  be  made.  Barker  and  Hollenbach 
[4]  considered  the  compressive  waveform 
as  a  simple  centered  wave  and  applied 
an  incremental  analysis  to  determine  the 
stress  and  strain  at  the  tail  of  the 
wave.  The  results  of  their  calculations 

*In  general,  examination  of  the  acceler¬ 
ation  wave  speeds  at  the  head  and  the 
tail  is  not  a  complete  check  of  suffi¬ 
ciency  because  the  criterion  is  a  mono¬ 
tone  increase  in  acceleration  wave 
speed  from  head  to  tail.  However,  for 
the  case  considered  here,  further  cal¬ 
culations  based  on  equation  (11)  and 
the  history  encountered  in  a  steady 
wave  have  demonstrated  this  monoton¬ 
icity  . 
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Fig.  3  -  Plots  of  measured  release  wave  speed 

and  calculated  acceleration  wave  speed 
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TABLE  1 


Shot  fa1) 

Designationv  ' 

Equilibrium  Values^) 

Measured 

Release  Wave  Speed 
(mm/ijsec) 

Stress  (kbar) 

Strain  (%) 

312,  313 

1.03 

1.08 

2.97 

2109 

1.04 

1.09 

2.97 

2105 

1.03 

1.08 

2.95 

314,  315 

2.66 

2.55 

3.22 

2110 

2.66 

2.54 

3.22 

2112 

2.71 

2.61 

3.22 

2115 

2.68 

2.53 

3.23 

316,  317 

5.71 

4.93 

3.54 

2113 

5.53 

4.82 

3.51 

2116 

5.49 

4.80 

3.49 

2106R1 

8.36 

7.22 

3.78 

2107R1 

8.25 

7.09 

3.76 

2107R2 

7.85 

6.66 

3.73 

318,  319 

11.99 

10.24 

4.19 

2108 

10.98 

9.47 

4.07 

Shots  in  the 

300  series  are  due  to  L.  M.  Barker. 

(b)For  shots  2106R1,  2107R1,  2107R2,  318,  319, 
computed  from  a  centered  wave  analysis;  for 
wave  analysis  was  used. 

and  2108  values  were 
all  others,  a  steady 

for  experiments  in  which  the  stress 
levels  exceed  6  kbar  are  shown  in  Table 
1.  In  addition,  the  stress-strain  points 
which  result  from  the  steady  wave  analy¬ 
sis  for  experiments  below  6  kbar  are 
shown . 


From  a  Tg  curve  fitted  to  the  stress - 
strain  points  of  Table  1,  a  new  calcula¬ 
tion  of  U2  may  be  made;  however,  for 
clarity,  this  curve  has  been  omitted 
from  Fig.  3.  Of  course,  the  determina¬ 
tion  of  U^,  which  by  equation  (19)  is 
related  to  the  slope  of  T^ ,  is  unaffected 
by  these  considerations. 


The  release  wave  speeds  shown  in 
Table  1  are  average  speeds  calculated 
from 


X  +  xo 

UR  =  - ^ 


ta  -  — 


5 

U 


where,  X  is  thickness  of  the  flyer,  t 
the  time^after  impact  at  which  the 
release  wave  arrives,  and  Us  is  the 


measured  shock  speed.  For  a  given 
impact  condition,  no  significant  vari¬ 
ation  of  release  wave  speed  was  observed 
over  the  range  of  propagation  distances 
(typically  from  6  to  42  mm).  The  meas¬ 
ured  release  wave  speed  and  correspond¬ 
ing  equilibrium  strain  values  are 
plotted  in  Fig.  3. 

From  Fig.  3  it  is  seen  that  below  a 
strain  of  **  6%,  which  corresponds  to  a 
stress  level  of  «  6  kbar,  excellent 
agreement  exists  between  the  calcula¬ 
tions  of  the  speed  Ui  and  the  measured 
release  speeds.  Over  this  same  range, 
the  speed  U2  tends  to  fall  below  the 
experimental  points.  Since  the  calcula¬ 
tions  of  both  Ui  and  U2  involve  deriva¬ 
tives  of  fitted  curves  it  is  felt  that 
this  agreement  is  remarkably  good.  Fur¬ 
ther  confirmation  of  the  adequacy  of  the 
constitutive  model  for  stresses  below 
»  6  kbar  has  been  obtained  from  numeri¬ 
cal  calculations  using  the  Wondy  finite 
difference  code  [9]. 
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It  is  interesting  to  compare  the 
speed  Ui  and  U2  with  the  speed  corre¬ 
sponding  to  a  hydrodynamic  model  with  a 
Hugoniot  given  by  (2z) .  Based  on  this 
Hugoniot,  a  release  wave  speed  of  3.34 
mm/usec  is  calculated  for  a  strain  level 
of  6 7o.  This  prediction  is  considerably 
lower  than  either  (3.55  mm/|asec)  or 
U2  (3.44  mm/jisec)  evaluated  at  the  same 
strain.  Hence,  a  hydrodynamic  model 
would  be  inadequate  at  predicting  such 
phenomena  as  thin  pulse  attenuation  in 
these  materials. 

For  strains  larger  than  «  6%  (stress 
greater  than  »  6  kbar) ,  a  marked  dis¬ 
crepancy  exists  between  the  measured 
release  wave  speeds  and  the  prediction 
based  on  either  ar  U2 .  This  dis¬ 
crepancy  and  the  inflection  points  which 
occur  in  both  the  T£  and  Tj  curves  indi¬ 
cate  that  above  «  6  kbar  a  new  form  of 
constitutive  equation  is  required. 

Barker  has  indicated  that  the  material 
behavior  at  these  inflection  points  dis¬ 
plays  some  of  the  features  of  elastic 
plastic  phenomena.  This  and  other  models 
which  incorporate  stronger  dependence  on 
the  strain  history  are  presently  under 
investigation. 


CONCLUSIONS 

Measurements  have  been  made  on  the 
speed  of  propagation  of  release  wave 
fronts  in  PMMA.  These  measurements  show 
that  the  release  wave  speed  increases 
with  increasing  strain  ahead  of  the 
front.  The  release  waves  were  modeled 
as  acceleration  waves  propagating  in  a 
finite  linear  viscoelastic  fluid,  the 
parameters  of  which  were  determined  from 
the  behavior  of  the  compressive  wave. 

It  was  concluded  that  below  6  kbar  this 
model  adequately  describes  the  experi¬ 
mental  results.  Above  6  kbars ,  the 
proposed  model  predicted  a  wave  speed 
which  decreased  with  increasing  strain 
ahead  of  the  wave.  It  appears  that  a 
more  complex  dependence  on  the  history 
of  the  deformation  must  be  included  in 
the  constitutive  model  in  order  to 
account  for  the  observations  above 
6  kbar . 
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Calibration  data  are  presented  for  the  shock  wave  in  water  driven  by  a 
centrally- initiated  sphere  of  explosive.  The  measured  quantity  is  the 
shock  position  as  a  function  of  time;  a  simple  function  is  fit  by  a 
least-squares  technique  to  the  data.  The  derivative  of  the  fit  function 
gives  shock  velocity,  which  is  used  with  the  known  shock  Hugoniot 
function  for  water  to  get  shock  pressure.  The  useful  range  of  pressure 
in  the  water  is  from  150  to  5  kbar,  with  an  uncertainty  less  than  +  5%. 
For  spheres  of  3M,  4-1/2”,  and  6”  diameter,  no  departure  from  simple 
scaling  is  found.  The  calibrated  system  is  intended  as  a  generator  of 
a  reproducible  pressure  pulse  for  use  in  explosive  sensitivity  tests, 
gauge  calibration,  etc. 


INTRODUCTION 

The  behavior  of  shock  waves  driven  by  cen¬ 
trally  initiated  spherical  explosive  charges  has 
been  of  interest  for  many  years.  In  particular, 
considerable  work  to  calibrate  these  shock  waves 
for  use  as  known  pressure  pulses  has  been  done 
at  the  Naval  Ordnance  Laboratory.  In  1949 
Eyster,  Smith,  and  Walton  (1)  described  an  under¬ 
water  gap  test  designed  to  measure  the  critical 
initiation  pressure  of  an  explosive.  In  this 
test,  centrally  initiated  spherical  charges  were 
used  to  generate  spherically  diverging  water 
shocks,  which  were  then  allowed  to  impinge  upon 
cylindrical  acceptor  charges  located  at  various 
distances  from  the  surface  of  the  sphere. 

Liddiard  (2)  used  this  same  technique  to  study 
the  initiation  of  burning  resulting  from  low  am¬ 
plitude  mechanical  shocks.  Interest  in  the 
interaction  of  spherical  shocks  in  water  prompt¬ 
ed  Coleburn  and  Roslund  (3)  to  study  shock  wave 
interactions  resulting  from  the  simultaneous 
detonation  of  two  spherical  charges  of  explosive 
under  water. 

The  water  shock  resulting  from  the  central 
initiation  of  a  sphere  of  explosive  radiates 
outward  more  or  less  spherically  depending  on 
the  simultaneity  of  the  break-out  times  around 
the  sphere.  The  amplitude  of  the  shock  decreases 
with  increasing  distance  from  the  sphere  surface, 
giving  a  convenient  method  for  subjecting  objects 
to  shocks  of  different  intensities  by  placing 
them  at  different  distances  from  the  sphere. 
However,  for  quantitative  use  of  the  method  one 
must  determine  the  relationship  between  the 
shock  pressure  and  distance  from  the  sphere.  If 


the  relationship  between  the  radial  distance 
the  shock  wave  has  traveled  and  time,  R  =  R(t), 
can  be  established,  it  can  be  differentiated  to 
give  the  shock  velocity  U.  Using  the  equation 
of  state  data  of  Rice  and  Walsh  (4)  one  can  then 
determine  the  pressure  as  a  function  of  distance. 
In  many  past  experiments  the  R-t  data  have  been 
obtained  through  the  use  of  framing  cameras. 
Generally,  the  camera  records  a  limited  number 
of  distance-time  data  points  for  any  given  shot. 
Then  a  polynomial  is  fit  to  the  data  to  give  the 
form 

R  =  A  +  A,t  +  A0t  +  AQt^  +  ...  +  A  tn  .  (1) 
o  1  2  3  n 

In  a  limited  number  of  experiments  at  LASL  Smith 
and  Hantel  (5)  found  the  framing -camera- 
polynomial-fit  method  unsatisfactory.  In  these 
experiments  the  expansion  of  various  diameter 
9205*  spheres  was  recorded  using  a  Beckman  and 
Whitley  Model  189  framing  camera.  Polynomials 
of  various  degrees  were  fit  to  the  resulting 
R-t  data  and  differentiated  to  give  the  shock 
velocity.  This  approach  was  not  satisfactory 
because  it  gave  inconsistent  velocities  in  the 
low  pressure  range.  This  was  traced  to  the 
polynomial  fits,  which  oscillated  in  this  range, 
giving  oscillating  values  for  the  derivative. 
Also,  the  limited  number  of  frames  available 
per  shot  did  not  yield  enough  data  points  of 
sufficient  resolution  to  give  a  reasonable  fit 
for  any  one  shot,  thus  making  shot-to-shot  com¬ 
parisons  difficult. 


92/6/2  -  RDX/polystyrene/dioctyl  phthalate, 
p  =  1.686  gm/cc. 
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This  paper  gives  the  results  of  an  experi¬ 
ment  designed  to  eliminate  these  problems. 
Instead  of  a  framing  camera,  a  rotating-mirror 
streak  camera  was  used  to  record  the  expansion 
of  the  sphere,  which  results  in  a  much  larger 
number  of  data  points  and  improved  resolution. 

In  addition,  a  more  realistic  equation  with  a 
basis  in  spherical  detonation  theory  was  used  to 
fit  the  R-t  data.  The  aims  of  this  experiment 
were  three-fold:  first,  to  collect  data  for 
calibration  of  an  underwater  gap  test;  second, 
to  see  if  the  data  from  spheres  of  different 
radii  would  scale;  third,  to  obtain  R-t  data  of 
sufficient  quality  to  serve  as  a  basis  for  ex¬ 
tending  the  theory  of  spherical  detonation. 

EXPERIMENTAL 

Although  the  main  difficulties  in  the  ear¬ 
lier  experiments  were  thought  to  be  camera  re¬ 
solution  and  the  small  number  of  data  points, 
it  was  decided  that  development  of  a  good  spher¬ 
ical  initiator  would  be  desirable.  An  initiator 
was  developed  which  consisted  of  2  gr/ft  MDF, 
XTX*,  and  9404**.  Figure  1  is  a  schematic  of 
the  initiator.  If  one  excludes  a  region  from 
the  point  where  the  MDF  enters  the  9404  ball 
down  to  a  latitude  of  45°,  the  breakout  times 
measured  on  four  different  spheres  were  simulta¬ 
neous  to  within  0.08  nsec.  Generally  the  lower 
hemisphere  was  simultaneous  to  within  less  than 
0.03  nsec.  On  the  six  centrally  initiated  9205 
spheres  fired,  arrival  times  measured  in  the 


Fig.  1  -  Spherical  initiator 

*  80/20  -  PETN/Sylgard  182,  p  =  1.533  gm/cc. 

94/3/3  -  HMX/nitrocellulose/chloroethyl 
phosphate,  p  =  1.845  gm/cc. 


area  covered  by  the  smear  camera  were  simulta¬ 
neous  to  within  0.09  nsec. 

Once  the  initiator  had  been  developed  we 
decided  on  a  six-shot  series  with  the  9205 
spheres.  The  series  consisted  of  two  shots  each 
with  3"-,  4.5"-,  and  6"-diameter  spheres. 

Figure  2  shows  a  completed  sphere  assembly  with 
the  initiator  in  place.  The  spheres  were  fired 
inside  2*  x  2*  x  2*  Plexiglas  boxes  containing 
tap  water  at  25 °C.  The  slit  on  the  smear  cam¬ 
era  was  orientated  so  that  the  expansion  of  the 
water  shock  on  both  the  right  and  left  sides  of 
the  sphere  would  be  recorded  simultaneously. 

The  system  was  backlighted  with  an  argon  flash 
collimated  by  a  Fresnel  lens  to  give  shadow¬ 
graph  lighting.  The  resolution  was  better  than 
1  mm  at  the  object  with  a  magnification  of  1/30. 

The  films  were  read  on  a  Bensen-Lehner  com¬ 
parator,  and  the  data  were  converted  to  mm  and 
(isec  by  the  PFIEFE  (6)  code,  which  is  a  stand¬ 
ard  code  used  to  reduce  cylinder-test  data  (7). 
Approximately  240  data  points  were  obtained  for 
each  sphere. 

DATA  ANALYSIS 

One  of  the  objects  of  these  experiments  was 
to  develop  an  equation  that  describes  the  motion 


Fig.  2  -  Spherical  charge  with  initiator 
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of  the  shock  front  as  a  function  of  time.  The 
equation  chosen  is 

R  =  1  +  (At2  +  Bt  +  C)(t-1)  +  D(t-1)3/2.  (2) 


This  equation  is  in  reduced  form,  with 


t 


t  +  a/D 
o 

a/D 


t  =  observed  time  from  breakout 
o 

a  =  sphere  radius 


R  = 


R  +  a 

o 

a 


D  =  detonation  velocity  for 
9205  (8.17  mm/psec) . 

R  =  observed  distance  of  shock 
°  front  from  sphere  surface 


to  see  if  the  data  from  spheres  of  different 
diameters  would  scale.  Figure  4  is  a  plot  of 
data  points  from  all  six  spheres  in  reduced 
variables.  It  is  obvious  that  the  data  do  scale 
quite  nicely.  The  next  step  was  to  use  the 
EILEEN  code  to  fit  the  above  equation  to  the 
data  from  all  six  spheres  lumped  together  as 
one  data  set.  The  equation  resulting  from  this 
fit  is: 

R  =  1  +  (7.303  x  XO-1  +  4.928  x  10_2t 

-  5.948  x  10_4t2)(t-l) 

-  2.777  x  10*1  (t-l)3/2  .  (3) 


The  purpose  of  the  reduced  form  is  to  make 
direct  comparisons  between  spheres  of  different 
diameters  possible.  The  basis  in  theory  for  the 
above  equation  is  that  Taylor* s  (8)  theory  of 
spherical  detonation  implies  that  the  second 
derivative  of  R(t)  should  become  infinite,  as 
-1/2 

t  .  as  t  approaches  0.  This  requirement  is 

0  0  3/2 

satisfied  by  the  (t-1)  term,  the  rest  of  the 

function  being  a  simple  polynomial.  The  above 
equation  was  fit  to  the  individual  data  sets 
(two  for  each  sphere,  one  left  and  one  right) 
by  the  method  of  least  squares  using  the  EILEEN 
(9)  code.  Figure  3  is  a  plot  of  the  residuals 

(R  ,  ,-R,. J  for  one  of  the  4.5"  diameter 

x  observed  fit' 

9205  spheres.  This  plot  is  typical  of  all  the 
shots  fired.  These  residuals  represent  position 
errors  up  to  about  0.5  mm,  the  total  distance 
under  observation  being  500  mm. 

Another  of  the  aims  of  this  experiment  was 


Fig.  3  -  Residual  Plot,  Shot  B7101,  A. 5"  Sphere 
R  -  1  +  (7.300  x  lo’1  +  5.118  x  10"2t  -  7.130  x  10“4t2)(t-l) 

-  2.800  x  10"1  (t-l)3/2 


The  residual  plots  for  the  individual  spheres 
resulting  from  comparison  of  this  calculated  R 
and  the  observed  R  for  each  sphere  do  not  show 
the  randomness  of  Fig.  3,  but  show  a  small 
but  definite  shot-to-shot  difference.  The  ex¬ 
perimental  difference  in  shock  position  from 
shot  to  shot  is  in  the  neighborhood  of  1  mm. 
Probably  the  largest  uncertainty,  which  may  be 
responsible  for  most  of  the  difference,  is  in 
the  determination  of  effective  camera  magnifi¬ 
cation. 

The  next  point  of  interest  is  the  calcu¬ 
lated  shock  velocity  and  resulting  pressure- 
distance  plots.  The  expression  for  the  "reduced 
shock  velocity"  is  obtained  by  differentiating 
the  R  =  R(t)  equation  with  respect  to  time, 


^5-  =  U  ,  =  6.810  x  10"1  +  9.975  x  10~2t 
dt  red 

-3  2 

-  1.784  x  10  t 

-  4.166  x  10"1  (t-1)1^2  .  (4) 

The  shock  velocity  in  mm/nsec  is  then  obtained 
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Fig.  4  -  Reduced  distance  vs  reduced  time. 
Data  for  all  six  spheres. 


480 


Hantel,  et  al. 


by  multiplying  Urgd  by  D  (8.17  mm/|-isec) .  A  plot 

of  shock  velocity  vs  reduced  radius  is  shown  in 
Fig.  5.  The  pressure  is  determined  from  the 
conservation  of  momentum  equation 


experiment,  and  there  are  no  data  in  our  lower 
pressure  range.  Additional  Hugoniot  data  for 
water  in  the  low  pressure  region  would  be  of 
considerable  interest  for  this  and  other  prob¬ 
lems  . 


P  =  PQ  Uu  .  (5) 

The  relationship  between  U  and  u  used  in  this 
calculation  is  (4,10) 

U  =  1.647  +  1.921  u  -  0.096  u2  .  (6) 

The  density  p  is  that  of  water  before  being 
shocked.  A  plot  of  pressure  vs  reduced  radius 
is  shown  in  Fig.  6.  It  should  be  pointed  out 
that  this  relationship  between  U  and  u  is  not 
really  known  to  be  satisfactory.  It  was  obtain¬ 
ed  from  data  taken  at  higher  pressures  than  our 


Fig.  5  -  Shock  velocity  vs  reduced  distance. 

Calculated  from  fit  to  all  six  spheres. 


Fig.  6  -  Pressure  vs  reduced  distance.  Calcu¬ 
lated  from  fit  to  all  six  spheres. 


A  test  of  the  appropriateness  of  the  equa¬ 
tion  chosen  to  fit  the  data  is  provided  by  con¬ 
sidering  the  initial  velocity  of  the  water  shock. 
The  equation  is  chosen  to  make  the  deceleration 
of  the  shock  infinite  at  the  initial  point.  If 
nature  departed  very  much  from  this  idealization, 
the  apparent  explosive  pressure  which  would  give 
the  shock  velocity  in  water  implied  by  the  fit 
would  be  far  from  that  of  the  real  explosive. 

The  fit  gives  an  initial  velocity  of  6.36  mm/- 
psec,  which  corresponds  to  a  pressure  of  182 
kbar  in  the  water.  Making  the  match  in  the  P-u 
plane,  one  finds  the  explosive  pressure  neces¬ 
sary  to  drive  this  shock  is  about  285  kbar. 
Extensive  experimental  data  for  9205  are  not 
available,  but  a  few  shots  by  B.  G.  Craig  (11) 
give  a  pressure  of  275  +  15  kbar,  and  a  BKW 
calculation  (12)  by  C.  L.  Mader  (13)  gives  288 
kbar.  The  agreement  is  very  good,  and  this 
implies  that  the  form  chosen  for  the  fit  is  ap¬ 
propriate  and  that  the  detonation  behaves  much 
like  Taylor* s  model  (8). 

Effective  use  of  the  data  presented  in  this 
paper  requires  not  only  knowledge  of  the  peak 
pressure  at  any  time  t,  but  also  an  indica¬ 
tion  of  how  the  pressure  changes  with  distance 
behind  the  shock  front.  The  pressure  gradient 
behind  the  shock  front  can  be  calculated  from 
the  rate  of  change  of  pressure  at  the  shock 
front.  Using  the  flow  equations,  the  total  de¬ 
rivatives  of  pressure  and  particle  velocity 
along  the  shock  path,  the  Hugoniot  relationship, 
and  the  conservation  of  mass  equation,  it  can 
be  shown  that 


where  T1  =  1  -  and  M  = 


In  this  expression  t*ie  pressure 

gradient  behind  the  shock  at  an  instant  of  time 
pQ  is  the  initial  density  of  the  water,  and  p 

is  the  density  of  water  at  the  shock  pressure. 

U  is  the  instantaneous  shock  velocity,  u  is  the 
particle  velocity,  r  is  the  distance  from  the 
center  of  the  spherical  coordinate  system,  and 
c  is  the  sound  velocity  in  the  water  at  the 


shock  pressure 


is  the  rate  of  change  of 


pressure  at  the  shock.  This  can  be  obtained 
from  the  pressure-time  relationship  (obtained 
by  combining  Eqs.  4,  5,  and  6).  is  the 

derivative  of  the  particle  velocity  with  respect 
to  pressure  along  the  shock  Hugoniot  curve 
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(obtained  by  combining  Eqs.  5  and  6).  The 
sound  velocity  can  be  found  from  a  table  given 
by  Rice  and  Walsh  (4) . 

SUMMARY 

With  this  set  of  experiments  a  good  cali¬ 
bration  of  the  underwater  gap  test  has  been  ob¬ 
tained.  The  water  shock  pressure  is  known  to 
about  5 7o  throughout  the  range  from  150  to  5 
kbar,  and  the  system  can  be  used  without  any 
further  development.  A  good  fit  to  all  the  data 
has  been  found,  and  the  remaining  uncertainties 
in  the  calibration  result  from  real  shot-to-shot 
differences  and  experimental  errors. 

No  departure  from  scaling  can  be  seen  in 
the  results.  The  size  range,  only  a  factor  of 
two,  is  not  large  enough  to  make  this  a  sensi¬ 
tive  test  of  scaling,  but  the  data  are  good 
enough  that  an  effect  of  a  few  percent  would  be 
detected.  We  are  confident  that  the  reduced 
fit  can  be  used  for  other  sizes  near  the  ex¬ 
perimental  range. 

In  a  spherical  explosion  there  is  a  second 
shock  which  arises  when  the  rarefaction  from  the 
explosive  surface  propagates  back  through  the 
burned  products  and  reflects  at  the  center.  This 
second  shock  propagates  outward  and  eventually 
overtakes  the  first  shock.  Berger  and  Holt  (14) 
did  some  calculations  for  a  PETN  sphere  exploded 
in  sea  water,  and  found  the  overtake  to  occur  at 
about  seven  radii.  Our  experimental  range  does 
not  go  this  far,  and  we  saw  no  evidence  of  the 
second  shock.  The  effects  of  the  initiator  have 
not  been  calculated,  but  it  seems  certain  that 
it  perturbs  the  flow  to  some  extent.  No  evi¬ 
dence  of  any  effects  have  been  seen. 
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ARTIFICIAL  VISCOSITY  METHOD  CALCULATION 
OF  AN  UNDERWATER  DETONATION 


H.  M.  Sternberg  and  W.  A.  Walker 
U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


The  flow  following  the  detonation  of  a  centrally  initiated 
pentolite  sphere  underwater  at  sea  level  is  calculated  by 
the  artificial  viscosity  method  up  to  the  time  the  main 
shock  in  the  water  is  100  charge  radii  from  the  center. 
Calculated  pressure  vs  distance,  pressure  vs  time  and 
particle  velocity  vs  distance  are  presented.  Improvements 
in  the  artificial  viscosity  method  computation  used  by  the 
authors  for  underwater  detonations  in  a  previous  paper  are 
described.  These  deal  with  the  form  of  the  artificial 
viscosity  function,  fine-zoning  at  the  shock  front,  and 
initial  conditions. 


INTRODUCTION 

In  an  earlier  paper  (1)  we  derived 
an  equation  of  state  of  water  for  use 
in  shock  hydrodynamic  calculations, 
selected  an  equation  of  state  (2)  for 
the  detonation  products  of  pentolite 
[50/50  TNT/pentaerythritol  tetranitrate ], 
and  showed  that  these  equations  could 
be  used  in  an  artificial  viscosity  (q) 
method  calculation  of  the  flow  following 
the  underwater  detonation  of  a  centrally 
initiated  pentolite  sphere.  We  were 
able  there  to  carry  the  computation 
forward  until  the  main  shock  in  the 
water  was  19  charge  radii  from  the  cen¬ 
ter,  and  to  produce  the  experimentally 
observed  peak-pressure  vs  distance  for 
this  shock  in  this  interval.  We  have 
two  aims  in  the  present  paper.  We  wish 
first  to  give  the  details  of  various 
improvements  in  the  numerical  computa¬ 
tion  method  which  have  been  made  since 
(1)  was  written.  The  finite-difference 
computation  covers  thousands  of  time 
cycles  and  a  range  of  pressures  in  the 
water  varying  from  about  160  kilobars 
to  a  few  bars.  The  special  techniques 
described  are  needed  to  avoid  spurious 
oscillations,  to  keep  the  calculated 
main  shock  in  the  water  from  spreading, 
and  to  conserve  the  total  energy  in  the 
system.  Second,  we  intend  to  give  a 
complete  description  of  the  early  stages 
of  the  spherical,  centrally  initiated, 
underwater  explosion  phenomenon,  at  sea 


level,  up  to  the  point  where  the  main 
shock  is  100  charge  radii  from  the 
center.  This  problem  has  been  treated, 
sporadically,  and  with  varying  degrees 
of  refinement,  over  the  past  30  years 
(3-13).  However,  none  of  these  treat¬ 
ments  uses  the  best  currently  available 
equation  of  state  data  for  the  water 
and  the  detonation  products;  nor  do  they 
carry  the  exact  compressible  flow  solu¬ 
tion  beyond  the  point  where  the  main 
shock  in  the  water  is  about  12  charge 
radii  from  the  center.  The  most  elab¬ 
orate  of  the  cited  calculations  were 
made  by  Kofcina  and  Mel'nikova  (13)  and 
by  Berger  and  Holt (10, 11).  The  latter  used 
a  pressure-density  relation  for  water 
taken  from  a  1947  paper  by  Richardson 
et  al  (14).  Kofcina  and  Mel'nikova  call 
attention  to  an  equation  of  state  of 
water  constructed  by  Kuznetsov  (15), 
after  the  work  reported  in  (13)  was 
finished,  from  essentially  the  same 
data  used  to  put  together  the  water 
equation  of  state  used  in  the  present 
paper  (see  (1)). 

The  sequence  of  events,  based  on  a 
compressible  flow  model,  is  as  follows: 

A  sphere  of  high  explosive  is  centrally 
initiated  and  a  constant- velocity  deto¬ 
nation  wave,  with  the  flow  variable 
distribution  given  by  the  Taylor  simi¬ 
larity  solution  (16),  moves  outward 
until  it  encounters  the  water.  All 
initiation  and  reactive  flow  effects 
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are  neglected.  The  flow  in  both  the 
gaseous  detonation  products  and  the 
water  is  assumed  inviscid  and  compres¬ 
sible,  with  equations  of  state  relating 
the  pressure,  density  and  internal  energy 
taken  from  (1).  We  assume  a  small 
charge  detonated  at  sea  level  and  neg¬ 
lect  gravity  and  the  consequent  ambient 
pressure  gradient  and  bubble  migration. 
The  impact  of  the  spherical  detonation 
front  on  the  water  results  in  an  instan¬ 
taneous  adjustment,  whereby  a  shock  is 
transmitted  into  the  water  and  a  rare¬ 
faction  moves  back  into  the  detonation 
wave.  Following  the  rarefaction  is  a 
second  shock,  initially  of  zero  strength, 
which  forms  at  the  interface  and  moves 
back  towards  the  center.  The  existence 
of  the  second  shock  was  pointed  out  by 
Wecken  (17)  and  later  analyzed  in 
greater  detail  by  Berry  and  Holt  (18) 
and  Berger  and  Holt  (11).  The  second 
shock  is  reflected  at  the  center. 

When  it  reaches  the  gas-water  interface 
a  shock  is  transmitted,  resulting  in  a 
small  pulsation  observed  in  measure¬ 
ments  with  pressure  gages,  and  a  shock 
is  reflected.  The  process  of  internal 
reflection  and  partial  transmission 
keeps  repeating.  Thus  the  flow  in  the 
gas  globe  consists  of  a  series  of  rare¬ 
faction  waves  associated  with  the 
expansion  and,  superimposed  on  the 
rarefaction,  a  series  of  secondary 
shocks.  Energy  is  deposited  in  succes¬ 
sive  spherical  shells  of  water  as  they 
are  traversed  by  the  main  shock.  Half 
of  this  energy  is  kinetic,  producing 
instantaneously  an  outward  velocity. 

The  other  half  is  internal  energy,  with 
an  elevated  entropy.  After  the  shock 
front  has  passed,  the  spherical  shell, 
now  moving,  expands  isentropically 
(except  for  the  small  effect  of  the 
second  shock)  and  when  it  returns  to 
ambient  pressure  has  a  greater  specific 
volume  and  temperature  than  it  had 
before  the  impact  of  the  shock  front. 

Its  internal  energy  at  this  time,  mani¬ 
fested  as  hot  water,  is  called  dissi¬ 
pated  energy  or  energy  radiated  by  the 
shock  wave.  The  sum  of  these  dissipated 
energies,  starting  at  the  gas-water 
interface  and  going  out  indefinitely 
is  called  the  shock  wave  energy.  Note 
that  the  energy  dissipated  in  a  parti¬ 
cular  spherical  shell  depends  only  on 
the  ambient  conditions,  the  strength  of 
the  main  shock  at  this  point,  and  the 
equation  of  state  of  the  water.  Hence 
the  shock  wave  energy,  roughly  half 
the  total  energy  available  from  the 
detonation,  can  be  calculated  once  the 
peak  shock  pressure  vs  distance  is 
known,  either  from  calculations  or 
experiments.  By  the  time  the  main  shock 
in  the  water  is  about  10  charge  radii 


from  the  center,  there  is  established 
a  region  behind  it,  about  five  charge 
radii  in  length,  over  which  the  pressure 
decreases  exponentially. 

Now  suppose  the  shock  front  has 
passed  and  consider  the  flow  of  the 
water  that  has  been  set  into  motion. 

By  the  time  the  main  shock  is  25  charge 
radii  from  the  center  the  flow  in  the 
water  is  essentially  incompressible 
(i.e..  the  particle  velocity  falls  off 
with  the  inverse  square  of  the  radius 
except  in  the  region  immediately  behind 
the  shock  front.  The  outward  motion 
ultimately  overextends  itself,  in  much 
the  same  way  as  a  piston  moving  in  a 
gas  filled  tube  with  closed  ends,  and 
the  kinetic  energy  is  transmitted 
outward  as  internal  energy.  The 
energy  of  the  spherical  shells  of  water 
is  expended  in  this  way  until  they  come 
to  rest.  The  shells  then  move  inward, 
acquiring  kinetic  energy  at  the  expense 
of  the  internal  energy  in  the  water 
farther  away  from  the  center.  This 
energy  is  transferred  inward  as  internal 
energy  as  the  water  again  comes  to  rest. 
The  bubble  is  collapsed  to  a  minimum 
radius  and  a  new  expansion  cycle 
begins.  Note  that  the  energy  counted 
as  potential  energy  in  the  incompress¬ 
ible  flow  model  (see  (3))  appears  here 
as  a  portion  of  the  internal  energy 
which  is  not  energy  dissipated  by  the 
passage  of  the  shock  front.  Also,  the 
internal  energy  is  distributed  between 
the  bubble  and  the  water  at  the  time  of 
the  bubble  minimum. 

Our  sea  level  method  computation 
to  the  point  where  the  main  shock  is 
100  charge  radii  from  the  center  en¬ 
compasses  only  a  small  part  of  the 
total  period  of  oscillation.  At  the 
end  of  the  computation  the  bubble 
radius  is  8.65  charge  radii  and  the 
scaled  time  (=t/R0  ,  where  t  is  the 

time  and  Rc  the  charge  radius)  is 
0.64  msec/cm.  This  should  be  compared 
with  a  maximum  bubble  radius  close  to 
32  charge  radii  and  a  period,  i.e., 
the  time  to  the  first  bubble  minimum, 
of  about  59  msec/cm.  The  difficulty 
in  calculating  to  long  times  with  the 
method  lies  in  the  conditional 
numerical  stability  aspect.  The  time 
step  for  each  computation  cycle  must 
be  chosen  small  enough  so  that  a 
signal,  moving  with  the  local  sound 
speed,  cannot  traverse  the  smallest 
finite-difference  cell  in  this  step 
the  Courant-Friedrichs-Lewy  condition 
19)).  Hence,  while  it  is  possible,  it 
is  not  practical  to  calculate  over  a 
complete  oscillation  at  sea  level,  with 
an  equation  of  state  that  gives  the 
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correct  sound  speed.  For  explosions  at 
great  depths  the  period  is  much  shorter 
and  a  ^method  calculation  over  a 
complete  period  is  quite  feasible. 

Such  calculations  have  been  made  for 
several  depths  by  one  of  the  authors 
(W.  A.  Walker)  and  will  be  described 
in  a  separate  paper. 

THE  £  METHOD  COMPUTATION 

Aside  from  the  modifications  to  be 
described,  the  details  of  the  cl  method 
transient  compressible  flow  solution 
are  in  (1).  We  will  give  here  only  a 
brief  summary.  The  applicable  differ¬ 
ential  equations  can  be  written 
rX(rt) 

M(-p=  p(x,t)AMc/X  , 


du/3t  -  —  A(X)  d(-p +<%)/£!*]  t 

zx/at  =  u, , 

<3E /at  -  -(-p+yldv/dt, 


(1) 


-p  =  _p  (  E,  v)  .  (2) 

Here  X  is  the  distance,  p  is  the  density 
( — l/ v  ),-p  is  the  pressure, M  is  the 
mass  and  u  is  the  particle  velocity. 

The  independent  variables  are  the  time 
t  and  the  Lagrangean  distance  coordin¬ 
ate  if  .  The  space  grid  points,  or  zone 
interfaces  are  labeled  with  integer 
values  of  -f  .  The  function  A(X)  represents 
the  cross  section  (=47T  X2  here).  Unless 
otherwise  specified  the  units  of  mass, 
distance  and  time  are  in  g  ,  cm  and  yusec. 
The  zones  are  spherical  shells.  Since 
the  calculation  is  Lagrangean,  the  mass 
of  each  zone  is  fixed  by  the  initially 
assigned  interface  position  and  remains 
constant  for  the  entire  computation. 

The  equations  of  state,  Eq.  (2), for 
the  water  and  the  detonation  products 
were  taken  from  (1).  The  equation  of 
state  of  water  has  the  form 

+f2/vs  +  f3/vs  +f*/v7  ,  (3) 

where  ,  f x  ,  -f,  and  are  polynomial 
functions  of  the  internal  energy  E,  fit 
to  both  shock  Hugoniot  data  and  low 
pressure  compressibility  data  for  fresh 
water.  The  initial  state  of  the  fresh 
water  surrounding  the  charge  was  p  -  i 
atm,  T  =  20°C  which,  for  Eq.  (3)/ 
corresponds  to  p«  =  l/v0  -.  99821  and 


Eo=0.  The  equation  used  for  the 
detonation  products  of  pentolite  was 

^p-ApE  +  Bp4  f  C  (4) 

where  A  =  O.35,  B  =  0.002164, 

C  =  2.0755  and  K  =  6,  with  p  in  g/cc, 

E  in  Mb-cc/g  and  >p  in  megabars.  The 
energy  E0  released  by  the  pentolite 
was  taken  as  0.0536  Mb-cc/g  (1280  cal/g) 
and  the  undetonated  density  P©  as 
I.65  g/cc.  The  form  of  Eq.  (4)  is  from 
(2).  The  method  for  obtaining  the 
constants  A,  B,  C  and  K  ,  explained  in 
(1),  requires  stipulated  values  of  the 
detonation  parameters.  For  pentolite 
these  were  taken  (see  (1))  from  thermo- 
chemical  calculations  as  jo  =  0.2452, 

”  0.5714,  pT=  2.210,  6  =  0.7655  and 
EL,  -  O.0775.  Here  D  is  the  detonation 
velocity,  c  is  the  sound  speed  and  the 
subscript  J  refers  to  the  Chapman-Jouguet 
(CJ)  state. 

The  values  of  the  flow  variables  in 
the  spherical  detonation  wave  at  the  time 
the  detonation  front  impinges  on  the  water 
are  needed  as  initial  conditions  for  the  ^ 
method  calculation.  These  were  found  by 
the  usual  Taylor  similarity  solution 
(see  (1)  for  details),  using  Eq.  (4) 
for  the  detonation  products. 

Ideally,  the  function  cl  ,  repre¬ 
senting  the  artificial  viscosity  in 
Eq.  (1), should  produce  a  shock  front 
spread  over  4  or  5  space  grid  points 
with  a  minimum  of  oscillation  in  the 
region  immediately  following.  Our 
earlier  experience  showed  that  a 
linear  ^  (  ~  au/3^)  becomes  too  big, 
i.e.,  the  shock  front  is  being  spread 
over  more  zones  as  it  moves  out,  while 
a  quadratic  f  Qau /a-pf  )  becomes 
too  small,  with  resulting  unacceptable 
oscillations.  After  some  numerical 
experimentation  the  that  was  adopted 
and  used  in  both  the  gas  sphere  and  in 
the  water  was  the  mixed  linear  and 
quadratic  form 


% 


CKi  •  K3  (<3u/<3^)J  Jsj 

o  ,  for  c  ^u/a^)^0. 


(5) 


Here  -  2.5  in  both  une  gas  and  the 
water,  K2  =0.3  in  the  gas  and  0.5  in 
the  water,  Ks=  1  in  the  gas  and 
(R0/X)/2  in  the  water,  and  is  the 

maximum  sound  speed  taken  over  all  the 
zones  (gas  and  water).  The  constant  R0 
is  the  radius  of  the  undetonated 
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pentolite  sphere.  The  finite  difference 
form  used  for  Eq.  (S)  was 


2jK( 


M 


"Wz 


u»  ) 


tiM 


~K  Cr 


for 


r>W2  r»-%-  ‘/a. 

V-  <u> 


o 


for  uJ^upV 


Here  n  is  the  integer  representing  the 
time  cycle  number.  The  finite  difference 
forms  of  Eqs.  (1)  and  (2)  are  listed  in 
(1).  For  each  computation  cycle,  the 
flow  variables  were  calculated  in  the 
order  listed  in  (1),  with  conventional 
stability  criteria  used  to  determine 
the  time  steps. 


The  rezoning  scheme  used  in  (1) 
was  abandoned,  in  favor  of  a  finely 
zoned  region  which  contains  the  main 
shock  front  in  the  water  and  moves 
with  it.  Each  zone  in  the  water  is 
subdivided  into  8  zones  before  the 
shock  moves  into  it.  This  fine  zoning 
is  removed  after  the  shock  front  has 
passed,  taking  care  to  conserve  the 
total  energy.  At  any  one  time  there 
are  4  subdivided  zones,  or  32  fine 
zones,  which  contain  the  shock  front. 
The  Richtmyer  difference  formulas ( (20) , 
p.  2p4 ),  designed  for  use  with  adjacent 
zones  of  different  size,  are  used  at 
the  rear  boundary  of  the  fine  zones, 
as  well  as  for  the  gas-water  boundary 
after  the  shock  has  moved  away  from  it. 


The  Oy  method  calculation  was  made 
with  a  toxal  of  300  coarse  zones  (301 
space  grid  points),  50  zones  in  the  gas 
sphere  and  25O  zones  in  the  water.  In 
the  gas  the  zone  masses  correspond  to 
equal  radial  spacing  in  the  solid  HE 
sphere.  At  the  start  of  the  ^  method 
calculation  (the  Taylor  wave  in  the  gas 
has  already  been  inserted)  the  first 
4  zones  in  the  water  were  each  sub¬ 
divided  into  8  fine  zones,  to  provide 
the  fine  zoning  in  the  region  contain¬ 
ing  the  shock  front.  The  thickness  of 
the  first  fine  zone  in  the  water  was 
chosen  so  that  its  mass  would  be  equal 
to  the  mass  of  the  last  zone  in  the 
gas.  The  thickness  of  the  first  coarse 
zone  in  the  water  was  then  8  times  this. 
The  initial  thicknesses  of  the  other 
249  coarse  zones  in  the  water  were 
chosen  so  that  each  was  1.005  times  the 
preceding  one. 

The  junction  of  the  Taylor  wave  in 
gas  with  the  water  was  made  by  conserv¬ 
ing  energy.  When  the  Taylor  wave  is 
inserted,  the  interface  velocity  becomes. 


in  the  finite  difference  scheme,  the 
velocity  of  the  last  half  zone  in  the 
gas  and  the  first  half  zone  in  the 
water.  Thus,  if  the  CJ  particle 
velocity  is  assigned  to  the  boundary, 
the  total  energy  will  be  too  large  by 
the  kinetic  energy  of  the  first  half 
zone  in  the  water.  We  used  an  initial 
irtterface  velocity  lower  than  the  CJ 
particle  velocity,  chosen  so  that  the 
combined  kinetic  energy  of  the  last 
half  zone  in  the  gas  and  the  first  half 
zone  in  the  water  is  equal  to  what  the 
kinetic  energy  of  the  last  half  zone  in 
the  gas  would  be  if  it  were  moving  at 
the  CJ  particle  velocity.  In  addition 
to  conserving  energy,  this  has  the 
advantage  that  the  value  of  the 
artificial  viscosity  (<%)  calculated  for 
the  first  water  zone  will  not  overpower 
the  pressures  in  the  adjacent  zones. 

The  true  interface  velocity  due  to  the 
impact  of  the  detonation  front  on  the 
water,  which  is  larger  than  the  CJ 
particle  velocity,  is  established  within 
a  few  time  cycles. 

The  thicknesses  of  the  first  coarse 
zones  in  the  water  become  very  small, 
due  to  the  geometric  divergence,  as  the 
bubble  expands.  After  the  bubble  has 
expanded  to  several  times  its  initial 
radius,  it  is  the  thicknesses  of  these 
zones  which  determine  the  time  step  that 
must  be  chosen  to  insure  stability  of 
the  numerical  computation.  During  the 
course  of  the  computation  several  zone 
interfaces  in  the  water  near  the  gas- 
water  boundary  were  deleted,  with  mass 
and  energy  conserved,  in  order  to 
increase  the  time  steps. 

After  the  entire  method  calcula¬ 
tion  was  completed,  the  results  were 
corrected  for  the  artificial  spreading 
of  the  main  water  shock  front  over 
several  computation  grid  points  in 
space,  due  to  the  use  of  the  method. 
This  was  done  by  first  locating  the 
position  of  the  shock  front  in  the 
center  of  the  zone  where  ^  is  a  maximum, 
and  then  extending  a  straight  line 
through  the  forward  part  of  a  log 
pressure  vs  distance  plot  to  the  shock 
front  position.  The  calculated  pressure 
vs  time  results  for  fixed  positions  were 
treated  in  a  similar  way. 


THE  CALCULATED  FLOW 

From  the  method  computation  one 
has,  at  closely  spaced  times,  lists  of 
the  position  and  particle  velocity  of 
each  of  the  zone  interfaces,  together 
with  the  pressures  (taken  as-p+<gX=P)  )> 
artificial  viscosities,  specific  volumes. 
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and  internal  energies.  The  latter  four 
are  centered  at  the  midpoints  of  the 
zones.  The  shocks,  which  appear  auto¬ 
matically  as  abrupt  but  continuous 
transitions,  are  located  by  finding 
local  maxima  in  cj,  .  The  pressure  trans¬ 
mitted  when  the  detonation  front  impinges 
on  the  water  was  found  in  the  usual  way 
by  using  the  equations  of  state  (Eqs. 

(3)  and  (4)  to  get  the  ,  u  loci  of 
possible  shocked  states  (Hugoniot)  in 
the  water  and  rarefaction  states  in  the 
gas  and  then  requiring  that  -pand  u  be 
continuous  across  the  boundary.  This 
gives  a  transmitted  pressure  of  162 
kilobars,  an  initial  interface  velocity 
of  0.27  cm/usec,  and  a  corresponding 
shock  velocity  of  0.60  cm/jasec. 


Figure  1  is  a  space-time  diagram 
of  the  flow  obtained  with  the  a-  method 
calculation.  It  starts  with  the  Taylor 
wave  as  initial  data  at  t=0,  R/r0=i  . 
Also  shown  in  Fig.  1  are  the  shock 
pressures  (in  kilobars)  the  specific 
volumes  relative  to  the  specific  volume 
of  the  ambient  water  (1.0018  cc/g),  and 
the  shock  velocities,  at  various 
positions.  Note  that  the  shock  pressure 
has  fallen  from  162  kb  to  1.2  kb  by  the 
time  the  shock  is  10  charge  radii  from 
the  center,  and  to  8l  bars  when  the 
shock  is  at  100  charge  radii.  The 
shock  velocity  is  down  from  0.60  to 
0.16  within  the  first  ten  charge  radii 
(the  sound  speed  in  the  unshocked  water 
is  0.1483  cm/Msec).  Figure  1  also  shows 
paths  of  the  secondary  shocks,  i.e., 
the  second  and  subsequent  shocks  which 
arise  at  the  gas-water  interface.  Note 
that  after  reflection  from  the  center 
the  second  shock  reaches  the  interface 
when  the  bubble  radius  is  about  three 
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Fig.  1  Space- time  diagram  of  the 

spherical  underwater  detonation 
calculated  by  the  <fr  method 


charge  radii.  The  shock  transmitted  at 
this  time,  whose  path  is  also  shown  in 
Fig.  1,  stays  about  7  to  8  charge  radii 
behind  the  main  shock.  It  will  be 
evident  in  the  pressure-distance  plots 
as  a  bump  at  this  point.  We  were  unable 
to  pick  out  the  shock  transmitted  into 
the  water  after  the  second  reflection. 

Pressure  vs  distance  plots  of  the 
early  flow  are  shown  in  Figs.  2,  3,  and 
4.  The  positions  of  the  gas-water 
interface  are  marked  by  vertical  bars. 
Vertical  bars  with  arrows  indicating 
the  direction  of  motion  are  used  to 
denote  the  positions  of  the  secondary 
shocks . 

The  positions  of  the  secondary 
shocks  were  located  by  the  local  maxima 
in  the  artificial  viscosity  ^  .  However, 
it  was  not  possible,  because ^of  the  non- 
uniform  flow  into  which  these  shocks 
move,  to  make  a  satisfactory  correction 
for  the  shock  spreading  caused  by  the 
use  of  the  <fr  method.  We  therefore  did 
not  sharpen  the  secondary  shocks, either 
in  the  gaSPor  water,  after  the  calcula¬ 
tion  was  completed.  They  appear  in  the 
figures  as  calculated.  Although  we  did 
not  get  the  strengths  of  the  secondary 
shocks,  the  general  features  of  the 
second  shock  behavior,  described  in 
detail  by  Berger  and  Holt  (11),  are 
evident.  Its  strength,  initially  zero, 
increases  at  first  as  it  moves  in,  then 
decreases,  and  then  increases  rapidly 
as  it  approaches  the  center.  The 
solution  of  the  in  viscid  flow  equations 
for  the  shock  behavior  near  the  center 
(see,  for  example,  Guderley  (21)) 
contains  a  singularity  at  the  center; 
the  pressure  becomes  infinite.  This 
causes  no  difficulty  in  the  ^  method 
calculation,  since  the  pressures  are 
centered  at  the  midpoints  of  the  zones 
and  a  finite  pressure  is  calculated  in 
the  zone  adjacent  to  the  origin. 

However,  the  pressure  calculated  in 
this  zone  when  the  shock  is  at  the 
center  is  strongly  dependent  on  the 
zone  size  and  the  form  of  the  artificial 
viscosity  . 

Note  the  wave  motion  in  the  bubble 
in  Figs.  2-4.  After  reflection  from  the 
center  the  second  shock  meets  the  gas- 
water  interface  when  the  interface  is 
at  3  charge  radii  from  the  center.  The 
main  shock  at  this  time  is  about  10 
charge  radii  from  the  center.  The 
arrival  times  of  subsequent  secondary 
shocks  at  the  origin  and  at  the  gas- 
water  interface  can  be  obtained  from 
Fig.  1. 
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Fig.  2  Calculated  pressure  vs  distance  at  various  times, 
starting  with  the  Taylor  wave  in  the  gas  sphere. 
(R/R0)s  denotes  shock  front  positions. 


Pressure-distance  curves  for  times 
when  the  main  shock  is  out  15-100  charge 
radii  are  shown  in  Figs.  3  and  4.  Both 
the  second  and  the  third  shocks  in  the 
water  are  marked  on  the  curves  corre¬ 
sponding  to  the  main  shock  positions  of 
35  and  50  charge  radii.  When  the  front 
of  the  main  shock  is  at  100  charge  radii^ 
about  7 %  of  the  total  energy  available 
from  the  detonation  is  still  in  the 
bubble,  almost  all  in  the  form  of 
internal  energy.  The  pressure  in  the 
bubble,  while  still  not  uniform  at  this 
time,  is  low  (see  Fig.  4),  ranging  from 


2.8  bars  at  the  gas-water  interface  to 
5.4  bars  at  the  center. 

Calculated  pressures  vs  time  at 
various  fixed  positions  are  shown  in 
Figs.  5  and  6.  The  curves  forR/R0=2 
and  4  contain  vertical  bars  to  indicate 
the  times  when  the  gas-water  interface 
reaches  these  positions.  To  the  right 
of  these  bars  the  curves  correspond  to 
times  when  the  positions  are  in  the  gas 
sphere.  Note  that  the  initial  decay 
in  the  pressure-time  curves  is  ex¬ 
ponential,  in  agreement  with  experi- 
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mental  observations.  The  various  bumps 
in  the  curves  are  due  to  the  secondary 
shocks. 


Figure  7  shows  the  calculated 
particle  velocity  in  the  water  vs 
distance  at  various  times.  At  times 
corresponding  to  shock  front  positions 
of  25,  50,  and  100  charge  radii,  the 
particle  velocity  is  proportional  to 
l/R2  for  some  distance  out  from  the 
gas-water  interface. 


Fig.  3  Calculated  pressure  vs  distance 
at  times  corresponding  to  shock 
front  positions  of  15,  20  and 
25  charge  radii 


Fig.  5  Calculated  pressure  vs  time  at 
2,  4  and  7  charge  radii 


Fig.  6  Calculated  pressure  vs  time  at 
15*  30,  50  and  80  charge  radii 


Fig.  4  Calculated  pressure  vs  distance 
at  times  corresponding  to  shock 
front  positions  of  35,  50,70, and 
100  charge  radii 
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Fig.  7  Calculated  particle  velocity  vs 
distance  at  times  corresponding 
to  shock  front  positions  of  4, 
10,  25,  50  and  100  charge  radii 
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The  detonation  characteristics  of  very  low  density  explosive 
systems  such  as  nitrocellulose,  foamed  PETN,  and  foamed 
nitrocellulose/nitroglycerine  at  0.25  g/cc  and  lower  were 
studied.  The  foamed  systems  were  of  the  urethane  class,  with 
PETN  or  nitrocellulose/nitroglycerine  dispersed  uniformly 
throughout  the  structure.  At  a  diameter  of  5.08  cm,  foamed 
PETN  exhibited  an  essentially  constant  detonation  velocity 
of  1.0-1. 2  mm/jj.sec  over  an  explosive  density  range  of  approx¬ 
imately  0.06-0.13  g/cc.  The  detonation  velocity  of  the 
nitrocellulose  explosives  varied  linearly  with  density,  and 
values  from  2.07  to  2.74  im/^sec  over  a  density  range 
0.104-0.225  g/cc  were  obtained.  A  carbon  resistor-polyethylene 
shock  wave  pressure  gage  mounted  at  the  end  of  the  charges 
was  utilized  to  estimate  the  detonation  pressure.  The  gage 
pressures,  which  were  in  the  range  of  2  to  9  kilobars, 
correlated  with  the  explosive  densities  quoted  above.  Calcu¬ 
lation  of  Chapman- Jouguet  parameters  for  some  of  the  systems 
utilizing  the  impedance  mismatch  equation  yielded  values  that 
had  no  physical  significance,  because  the  calculated  particle 
velocities  exceeded  the  detonation  velocities.  It  is  con¬ 
cluded  that  utilization  of  relatively  high  density  substances 
as  witness  materials  will  not  permit  accurate  measurement  of 
detonation  pressure  of  very  low  density  explosives. 


INTRODUCTION 


The  work  described  in  this  paper 
was  one  phase  of  an  investigation  on  the 
utilization  of  very  low  density  ex¬ 
plosive  systems.  Particularly  important 
observations  that  were  made  included 
evaluation  of  detonation  stability  and 
measurement  of  detonation  pressure.  The 
term  very  low  density  implies  explosives 
of  density  0.25  g/cc  and  lower.  These 
values  are  considerably  below  the  mini¬ 
mum  densities  that  can  be  obtained  from 
most  pure  powdered  explosives,  and 
charges  at  very  low  densities  can  be 
expected  to  have  detonation  pressures 
lower  than  those  associatec  with 
powdered  explosives. 


Archibald  (1)  prepared  very  low 
density  PETN  charges  by  three  different 
methods:  (a)  utilizing  expandable 

polystyrene  beads,  (b)  utilizing  low 
density  fillers,  and  (c)  precipitating 
PETN  in  porous  solids.  In  the  present 
work,  polyurethane  foams  were  utilized; 
an  explosive  material  incorporated  in 
the  urethane  was  dispersed  throughout 
the  given  volume  so  as  to  yield  a  very 
low  apparent  explosive  density.  The 
systems  that  were  studied  extensively 
were  foamed  PETN  over  an  explosive 
density  range  0.022-0.185  g/cc,  and 
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foamed  nitrocellulose/nitroglycerine 
over  a  range  0.057-0.191  g/cc.  In  ad¬ 
dition,  some  work  was  performed  on  a 
commercial  expanded  nitrocellulose 
product  and  on  fiberous  nitrocellulose 
with  absorbed  nitroglycerine. 

The  method  used  to  measure  deto¬ 
nation  velocity  consisted  of  monitoring 
the  response  of  ion  probes  at  selected 
intervals  in  the  charge  by  means  of 
cathode  ray  oscilloscopes  equipped  with 
Polaroid  cameras.  This  method  has  been 
used  extensively  to  measure  explosive 
systems  of  densities  higher  than  those 
of  interest  in  the  present  work.  Each 
charge  also  included  a  carbon  resistor 
pressure  gage  that  was  utilized  to  esti¬ 
mate  the  detonation  pressure.  The  low 
densities  studied  herein  and  the 
presence  of  inert  foam  caused  the  loss 
of  some  records;  however  enough  data 
were  obtained  to  indicate  the  trends  of 
the  performance. 

CHARGE  PREPARATION 

Polyurethane  Foams 

Polyurethane  foams  are  produced  by 
the  reaction  between  two  chemicals  which 
expand  and  crosslink  to  form  a  cellular 
structure  with  a  possible  density  range 
from  below  0.02  g/cc  to  about  1.12  g/cc. 
The  two  chemicals  are  a  polyol  and  an 
isocyanate  or  diisocyanate.  The  polyol 
component  is  a  hydroxyl-terminated 
polyether  or  polyester.  The  chemical 
reaction  between  an  isocyanate  and  a 
hydroxyl  compound  is 

H  f 

R-N=C=0  +  R'-OH  - >  R-N-C-O-R'  (1) 

which  is  an  urethane.  This  reaction  will 
proceed  when  the  two  components  are 
mixed.  It  is  an  exothermic  reaction, 
and  would  result  in  a  solid  polymer  if 
provision  for  foaming  were  not  included. 
Foaming  is  achieved  by  incorporating 
either  water  or  a  low-boiling  solvent 
such  as  Freon.  The  difference  in  these 
two  techniques  is  as  follows.  The  low- 
boiling  solvent  such  as  Freon  does  not 
enter  into  the  chemical  reaction  but 
merely  changes  physical  state  from  liquid 
to  gas,  due  to  the  increased  temperature 
of  the  exothermic  reaction  between  the 
isocyanate  and  polyol.  The  use  of  water 
as  a  blowing  agent  involves  a  chemical 
reaction,  as  follows: 


I  // 

R-N=C=0  +  H20  - >  R-N-C-OH  - > 

R-NH2  +  C02  (2) 


so  that  the  products  are  an  amine  and 
CO 2  gas,  which  acts  as  the  blowing  agent. 
Thus  it  should  be  noted  that  void  spaces 
in  Freon-blown  foam  are  filled  with  a 
Freon  gas,  and  in  water -blown  foam  are 
filled  with  C02  gas.  The  amine  that  is 
formed  in  the  case  of  water-blown  foams 
will  further  react  with  the  isocyanate 
to  produce  an  urea: 

H  O  H 
I  t  / 

R-N=C=0  +  R'-NH2  — >  R-N-C-N-R'.  (3) 

The  isocyanate  can  further  react  with 
the  urea  and  the  urethane  of  the  primary 
reaction?  however,  this  further  reaction 
is  of  little  consequence.  Of  concern 
was  the  possibility  that  an  amine  that 
might  be  formed  would  be  incompatable 
with  the  explosive  incorporated  into  the 
formulation?  in  retrospect,  no  such 
problems  were  encountered. 

Foamed  PETN 

The  best  procedure  for  preparing 
foamed  PETN  charges  was  to  mix  the 
required  quantities  of  polyol,  iso¬ 
cyanate,  sufactant,  explosive,  and  water 
(if  used)  quickly  in  a  disposable  beaker, 
and  then  to  pour  the  entire  mass  into 
the  confinement  tube,  in  which  the  foam¬ 
ing  subsequently  occurred.  After  foam¬ 
ing  had  ceased,  and  the  foam  had  cured, 
any  excess  material  that  had  foamed  out 
of  the  tube  was  evenly  scraped  from  the 
end  of  the  tube  and  weighed.  The  weight 
of  material  remaining  in  the  tube  was 
calculated  by  subtracting  the  weight  of 
excess  material  from  the  total  weight  of 
ingredients  used  in  the  initial  formu¬ 
lation.  The  density  of  foamed  ex¬ 
plosive  in  the  tube  was  calculated  from 
the  known  internal  volume  of  the  tube, 
by  assuming  that  all  ingredients  were 
evenly  distributed  in  both  the  remain¬ 
ing  material  and  excess  material,  and 
that  no  reaction  had  occurred  between 
the  PETN  and  foaming  agents. 

Foamed  Nitrocellulose/Nitroqlycerine 

The  foaming  of  fiberous  nitro¬ 
cellulose  (NC)  of  less  than  maximum 
nitration  presents  the  advantage  that 
the  available  hydroxyl  groups  will  re¬ 
act  with  the  isocyanate  in  much  the 
same  manner  as  the  polyols?  thus  the 
nitrocellulose  will  contribute  to  the 
structural  integrity  of  the  system. 
However,  the  large  difference  in  densi¬ 
ties  of  fiberous  nitrocellulose  and  the 
foaming  agents  precluded  incorporation 
of  sufficient  nitrocellulose  to  result 
in  a  detonable  foam.  This  problem  was 
solved  by  foaming  a  nitrocellulose/ 
nitroglycerine  mixture  containing 
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approximately  50%  absorbed  nitroglycerine 
(NG)  by  weight . 

The  procedure  utilized  to  prepare 
the  NC/NG  mixture  was  as  follows.  The 
appropriate  quantities  of  wet  fiberous 
nitrocellulose  (13.45%  N)  and  10/90 
nitroglycerine/p-lactose* *  were  mixed 
together.  Then  the  ^-lactose  was  dis¬ 
solved  with  a  large  quantity  of  water, 
whereupon  the  nitrocellulose  absorbed 
the  nitroglycerine.  The  mixture  was 
filtered  on  a  Buechner  funnel,  with 
several  water-washings  to  remove  all  the 
p-lactose.  The  major  advantages  of  this 
procedure  are  that  (a)  the  nitrocellu¬ 
lose  need  not  be  dried,  and  (b)  handling 
of  pure  nitroglycerine  is  not  required. 

The  foaming  of  the  NC/NG  was  ac¬ 
complished  with  essentially  the  same 
procedure  that  was  utilized  for  the  PETN 
systems.  The  principal  blowing  agent 
in  the  NC/NG  foams  was  Freon.  However, 
improved  foaming  occurred  if  the  NC/NG 
mixture  was  wet;  apparently  the  moisture 
reacted  with  the  isocyanate  to  promote 
liberation  of  CO2  gas,  which  then  comple¬ 
mented  the  blowing  action  of  the  Freon, 
^hus,  it  was  not  necessary  to  dry  the 
NC/NG  mixture  after  its  preparation 7 
hazards  in  the  handling  of  dry  explosive 
were  eliminated. 

Expanded  Nitrocellulose 

The  expanded  nitrocellulose**  con¬ 
sists  of  generally  spherically  shaped 
granules  of  nitrocellulose  in  the  range 
1.6  to  2.4  mm  in  diameter.  This  product 
is  available  in  three  bulk  densities  of 
0.10,  0.14,  and  0.25  g/cc,  respectively. 
In  general,  the  two  lower  density  ex¬ 
plosives  each  had  larger  particles  of 
about  the  same  size;  the  highest  density 
material  consisted  of  both  smaller  parti¬ 
cles  and  relatively  fine  particles. 

Experimental  Configuration 

The  experimental  configuration 
showing  the  velocity  probes  and  carbon 
resistor  pressure  gage  is  depicted  in 
Figure  1;  this  same  arrangement  was  also 
utilized  to  study  the  nitrocellulose 
systems.  The  booster  for  all  shots  was 
a  piece  of  DuPont  A- 4  "Detasheet"  Sheet 
Explosive  of  diameter  equal  to  the 


Product  of  E.  I.  DuPont,  Wilmington, 
Delaware 

★ 

Marketed  by  Hercules,  Inc.,  Wilmington, 
Delaware  under  the  trade  name  "Shock- 
Gel  . " 


Figure  1  -  Experimental  arrangement 
for  studying  detonation  characteristics 
of  foamed  explosives.  (PMMA  is  an  abbre¬ 
viation  for  polymethyl  methacrylate.) 


inside  diameter  of  the  confining  tube. 

The  booster  in  turn  was  initiated  by  a 
tetryl  pellet  and  a  No.  6  electric  deto¬ 
nator.  The  ion  probes  were  connected 
to  condenser  discharge  circuits.  Two  of 
the  probes  were  used  for  oscilloscope 
trigger.  The  eight  probes  for  monitor¬ 
ing  detonation  were  arranged  in  two  sets, 
with  voltage  steps  of  22  1/2  volts,  45 
volts,  67  1/2  volts,  and  90  volts,  re¬ 
spectively.  The  advancing  detonation 
progressively  shorts  out  one  probe  at  a 
time,  and  produces  corresponding  vertical 
deflections  that  relate  the  position  of 
the  detonation  as  a  function  of  time. 

RESULTS  OF  DETONATION  VELOCITY 
MEASUREMENTS 

Table  1  includes  the  results  of  the 
measurement  of  detonation  velocity  on 
all  foamed  PETN  systems  for  which  reada¬ 
ble  records  were  obtained.  For  each 
system,  the  entries  are  listed  in  order 
of  decreasing  explosive  density,  which 
is  the  amount  of  explosive  material  per 
unit  volume  of  total  system  contained 
within  the  confining  tube.  The  foam 
density  is  also  included  in  the  table, 
and  the  total  system  density  is  the  sum 
of  the  explosive  and  foam  densities. 

The  particle  size  of  the  PETN  had 
a  very  noticeable  effect  on  the  deto¬ 
nation  stability.  Most  of  the  data  in 
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TABLE  1 

Detonation  Velocity  of  Low-Density  Foamed  PETN  Charges 


Test 

No. 

Confinement 

Type  of 
PETNb 

Weight 

Percent 

PETN 

Foam 

Density, 

g/cc 

Explosive 

Density, 

q/cc 

Detonation 
Velocity, 
mm/  usee 

Type3 

I . D . ,  cm 

54 

PMMA 

5.71 

Coarse 

Unknown 

Unknown 

0.185 

2.15 

72 

PMMA 

5.08 

Fine 

56.3 

0.136 

.176 

2.45 

87 

Steel 

5.08 

Fine 

43.0 

.175 

.133 

1.17 

91 

PMMA 

5.08 

Fine 

43.8 

.154 

.120 

1.14 

60 

Steel 

5.08 

Fine 

47.4 

.121 

.109 

1.12 

88 

Steel 

5.08 

Fine 

39.8 

.142 

.094 

.98 

68 

Aluminum 

5.08 

Fine 

40.2 

.087 

.058 

1.02 

95 

PMMA 

7.62 

Fine 

30.9 

.127 

.057 

Unstable 

89 

Steel 

5.08 

Fine 

31.0 

.124 

.055 

.78 

92 

PMMA 

5.08 

Fine 

31.0 

.124 

.055 

Unstable 

96 

Steel 

5.08 

Fine 

30.7 

.112 

.049 

.59 

62 

Steel 

5.08 

Fine 

13.3 

0.140 

0.022 

Unstable 

aPMMA  is  an  abbreviation  for  polymethyl  methacrylate.  Wall  thicknesses 
were  approximately  6  mm. 

bCoarse  PETN  was  obtained  from  Primacord;  fine  PETN  has  an  average  parti¬ 
cle  size  of  10-12  microns. 


Table  1  represent  the  results  for  foamed 
PETN  made  from  a  10-12-micron  PETN. 

This  foamed  system  detonated  stably  at 
explosive  densities  in  the  range  0.09- 
0.13  g/cc,  whereas  foamed  systems  using 
very  coarse  PETN  from  Primacord  or  a 
very  fine*  PETN  exhibited  instability  at 
these  same  densities. 

Figure  2  presents  a  plot  of  the 
detonation  velocity  of  foamed  PETN  as  a 
function  of  explosive  density.  The 
figure  shows  that  the  foam  has  no  effect 
on  detonation  propagation  at  densities 
in  the  neighborhood  0.18  g/cc.  At  densi¬ 
ties  appreciably  below  this,  however,  it 
appears  that  the  foam  retards  the  deto¬ 
nation,  although  the  effect  is  essenti¬ 
ally  constant  in  the  range  0.06-0.13 
g/cc.  Below  0.06  g/cc,  type  of  con¬ 
finement  becomes  more  important,  be¬ 
cause  the  detonation  is  stable  when  the 
system  is  confined  in  metal,  but  un¬ 
stable  when  confined  in  plastic.  The 
curve  drawn  through  points  in  Figure  2 
is  a  cubic  equation  of  the  detonation 
velocity  of  foamed  PETN  versus  density, 
and  is  centered  at  0.104  g/cc.  A  least 
squares  fit  of  the  rectified  data 


★ 

Very  fine  PETN  was  prepared  by  precipi¬ 
tating  one  liter  of  a  PETN-acetone 
solution  (75  g/liter)  in  two  liters  of 
agitated  ice  water  for  two  minutes. 


reveals  this  equation  to  be: 

D  =  1.11  +  2515  (pQ  -  0 . 104)  3 ,  (4) 

pQ  <  0.180  g/cc 

where 

D  is  the  detonation  velocity  in 
mm/p sec 

pQ  is  the  initial  explosive 
density  in  g/cc. 

For  purposes  of  comparison,  the  data  of 
Archibald  (1)  are  presented,  as  well  as 
an  extrapolation  of  the  straight  line 
equation  of  Cook  that  expresses  deto¬ 
nation  velocity  as  a  function  of  density 
for  high-density  PETN  (2) . 

Figure  3  shows  detonation  velocity 
of  foamed  PETN  as  a  function  of  ex¬ 
plosive  content.  The  equation  of  the 
least  squares  curve  through  the  points 
is  given  by 

D  =  0.16  -  1.843  w  +  9.793  w2  (5) 

where  w  is  the  weight  fraction  of  PETN. 
Again  for  purposes  of  comparison,  the 
data  of  Archibald  (1)  is  presented  in 
Figure  3 . 
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Figure  2  -  Detonation  velocity  of  foamed  PETN  as  function  of  density. 
(Darkened  points  represent  Archibald's  data.) 


PERCENT  PETN 


Figure  3  -  Detonation  velocity  of  foamed  PETN  as  function  of  weight  percent  PETN. 
(Darkened  points  represent  Archibald's  data.) 


The  results  of  the  detonation  ve¬ 
locity  measurements  on  foamed  NC/NG  and 
on  other  low-density  nitrocellulose 
charges  are  summarized  in  Table  2.  The 
explosive  content  for  the  foamed  systems 
was  in  the  range  30-48  percent  by  weight. 
It  is  seen  that  the  detonation  in  foamed 
NC/NG  confined  in  a  2.54-cm  plastic  tube 
is  unstable.  The  data  for  the  NC/NG 
mixtures  and  the  nitrocellulose  charges 
are  plotted  in  Figure  4.  The  equation 
of  the  straight  line  is  given  by 

D  =  1.42  +  6.29  p  (6) 

ro 


The  detonation  velocity  of  the  expanded 
nitrocellulose  charge  at  0.252  g/cc  is 
much  lower  than  the  data  for  the  other 
points  would  predict  it  to  be.  The 
possible  explanation  for  this  behavior 
is  that  this  charge  was  composed  of  both 
large  and  fine  granules,  whereas  the 
other  two  expanded  nitrocellulose 
products  each  had  much  more  uniform 
granules.  Sadwin  et  al  (3)  point  out 
the  findings  of  Jacobs  (4)  wherein  am¬ 
monium  picrate  charges  composed  of  large 
particles  detonated  at  lower  velocities 
than  those  composed  of  small  particles. 
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TABLE  2 

Detonation  Velocity  of  Low-Density  Nitrocellulose/Nitroglycerine  Charges 


Sv stem 

Test 

No. 

NC/NG 

Wt 

Ratio 

Confinement 

Foam 

Density, 

g/cc 

Explosive 

Density, 

g/cc 

Detonation 

Velocity, 

mnv/usec 

Type9 

I.D.  , 
cm 

Foamed  NC/NG 

133 

50/50 

PMMA 

2.54 

0.255 

0.191 

Unstable 

147 

50/50 

Steel 

5.08 

.134 

.121 

0.68 

150 

50/50 

Steel 

5.08 

.173 

.118 

.42 

148 

50/50 

Steel 

5.08 

.108 

.083 

.62 

146 

50/50 

Steel 

5.08 

.103 

.074 

.72 

149 

50/50 

Steel 

5.0.8 

0.130 

.057 

.70b 

NC/NG  Mixture 

130 

97/3 

PMMA 

2.54 

_ 

.191 

2.6 

131 

87/13 

PMMA 

2.54 

_ 

.191 

2.6 

132 

77/23 

PMMA 

2.54 

_ 

.191 

2.7 

138 

60/40 

PMMA 

2.54 

- 

.225 

2.74 

Fiberous  NC 

84 

100/0 

Aluminum 

7.62 

- 

.174 

2.51 

Expanded  NC 

106 

100/0 

PMMA 

2.54 

_ 

.252 

1.88 

104 

100/0 

PMMA 

2.54 

_ 

.141 

2.31 

105 

100/0 

PMMA 

2.54 

— 

0.104 

2.07 

aPMMA  is  an  abbreviation  for  polymethyl  methacrylate.  Wall  thicknesses  were 
approximately  6  mm. 

b Aver age  velocity  over  entire  length  of  charge. 


but  that  charges  composed  of  a  mixture 
of  large  and  small  particles  detonated 
at  still  lower  velocities;  these  effects 
were  most  pronounced  at  small  diameters 
and  tended  to  disappear  at  sufficiently 
large  diameters. 

DETONATION  PRESSURE  MEASUREMENT 

Each  shot  in  which  a  low  density 
explosive  was  studied  included  a  carbon 
resistor  pressure  gage  on  the  bottom  of 
the  charge  in  order  to  estimate  the 
detonation  pressure.  The  oscilloscope 
that  recorded  the  response  of  the  gage 
was  triggered  by  the  lowermost  ion  probe 
in  Figure  1.  This  section  describes  the 
construction  and  operation  of  the  gage, 
its  calibration,  and  the  problems  in 
interpreting  the  detonation  pressure 
from  the  gage  records  for  some  of  the 
systems. 

Construction  and  Operation 

In  its  construction  and  operation, 
the  carbon  resistor  gage  responds  to  an 
inert  shock  wave  pressure  that  is  re¬ 
lated  to  the  decrease  in  the  resistance 
of  the  resistor.  The  inert  shock 
pressure  must  then  be  converted  to  deto¬ 
nation  pressure  by  using  interface 
matching  techniques  or  other  appropriate 


mathematics.  The  basic  gage  system  was 
similar  to  that  described  by  ’Watson  (5) , 
and  consisted  of  a  1/4-watt,  470-ohm 
carbon  resistor  mounted  in  a  polyethyl¬ 
ene  or  polystyrene  cylinder  1.91-cm  in 
diameter  by  1.91-cm  long.  In  the 
finished  gage,  the  resistor  was  approxi¬ 
mately  1-2  mm  from  the  interface  from 
which  the  shock  wave  to  be  measured 
would  emerge.  The  470-ohm  resistors 
were  selected  from  a  lot  of  5%  tolerance 
resistors  to  be  within  +  2  ohms  of  the 
specified  value. 

The  procedure  in  constructing  the 
gage  was  as  follows.  A  2.44-mm  hole 
was  drilled  diametrically  through  a 
polyethylene  cylinder  near  one  of  its 
bases.  The  carbon  resistor  was  then 
inserted  in  the  hole,  the  leads  of  the 
resistor  were  insulated  with  plastic 
spaghetti  tubing  and  folded  down,  and 
the  entire  gage  was  wrapped  with  plastic 
electrical  tape.  The  end  of  the  poly¬ 
ethylene  cylinder  was  brought  into 
contact  with  a  small  piece  of  hot  glass 
lying  on  a  hot-plate.  This  heat  caused 
the  polyethylene  to  flow,  thereby  seal¬ 
ing  in  the  resistor  and  providing  a 
smooth  surface  on  the  end  of  the  poly¬ 
ethylene  cylinder.  Then  the  gage  and 
piece  of  glass  were  quenched  in  water , 
and  this  facilitated  a  clean  separation 
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EXPLOSIVE  DENSITY,  g/CC 

Figure  4  -  Detonation  velocity  of  expanded  and  fiberous  nitrocellulose 
and  of  nitrocellulose/nitroglycerine. 


COAXIAL  CABLE 


Figure  5  -  Circuit  for  monitoring  gage  resistance  under  shock  loading. 


of  the  gage  from  the  glass.  The  final 
step  was  to  dry  the  gage  under  vacuum  in 
a  desiccator  for  several  hours. 

The  circuit  to  monitor  the  gage 
resistance  under  shock  loading  is  shown 
in  Figure  5.  The  decrease  in  resistance 
of  the  gage  causes  an  increase  in  current 
flow  through  the  circuit,  which  manifests 
itself  as  an  increase  in  the  voltage  drop 
across  the  current  sampling  resistor,  Rl. 
If  Ep  is  the  initial  amplitude  of  the 
voltage  pulse  increase  appearing  across 
the  resistor,  Rl/  the  minimum  gage  re¬ 
sistance  is  given  by: 

R  Wo  -  VRL  +  Rc  +  Ro>  (RL  +  V 

min  E0Rl  +  Ep(RL  +  R,  +  RQ) 

(7) 

where 

Eq  is  the  battery  potential, 

R  is  the  initial  gage  resistance, 

=  470  ohms. 


R  is  the  line  resistance, 

=1.14  ohms. 

If  the  line  resistance,  Rc,  is  negli¬ 
gible,  Equation  7  easily  reduces  to  the 
equation  quoted  by  Watson  (5) .  The 
oscilloscope  records  that  were  obtained 
were  very  similar  to  those  shown  by 
Ribovich  et  al  (6) . 

Calibration  of  the  Gage 

The  calibration  of  the  carbon  re¬ 
sistor  pressure  gage  was  accomplished 
by  firing  the  experimental  arrangements 
depicted  in  Figure  6.  The  essential 
feature  of  these  set-ups  was  that  the 
Chapman- Jouguet  (CJ)  properties  of  the 
explosives  and  Hugoniots  of  the  inert 
materials  were  well  enough  known  that 
the  pressure  induced  in  polyethylene 
or  polystyrene  could  be  calculated  re¬ 
liably.  The  calibration  shots  includ¬ 
ing  gage  pressures  and  measured  minimum 
gage  resistances  are  summarized  in 
Table  3  for  the  gages  fabricated  from 
polyethylene  and  in  Table  4  for  the 
gages  fabricated  from  polystyrene.  It 
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Figure  6  -  Experimental  arrangements 
for  calibration  of  the  carbon  resistor  pressure  gage. 


TABLE  3 

Calibration  of  Carbon  Resistor-Polyethylene  Pressure  Gage 


Explosive 

Density 

a/cc 

Atten¬ 

uator 

Gage 

Pressure, 

Xilobars 

Min. 

Resistance, 

ohms 

Recipr .  Resist . , 

(ohms) 

A- 8  "Detasheet" 

1.55 

PMMA 

142.8 

24.9 

0.04016 

A-8  "Detasheet" 

1.55 

Aluminum 

111.1 

29.3 

.03413 

A- 8  "Detasheet" 

1.55 

Brass 

65.0 

37.3 

.02681 

Loose  PETN 

0.60 

PMMA 

33.1 

47.2 

.02119 

Loose  PETN 

0.60 

Aluminum 

15.1 

88.2 

.01134 

— 

— 

0 

470 

0.00213 

TABLE  4 

Calibration  of  Carbon  Resistor-Polystyrene  Pressure  Gage 


Explosive 

Density, 

g/cc 

Atten¬ 

uator 

Gage 

Pressure, 

kilobars 

Min. 

Resistance, 

ohms 

Recipr.  Resist., 

(ohms) 

Loose  PETN 

0.60 

PMMA 

38.1 

104.0 

0.00962 

— 

— 

— 

0 

465 

0.00215 
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is  noted  that  the  latter  gage  was  cali¬ 
brated  only  in  the  low  pressure  region. 

Type  A  "Detasheet"  contains  85% 

PETN.  Independent  verification  of  the 
detonation  velocity  of  both  this  "Deta¬ 
sheet"  and  the  loose  PETN  of  0.60  g/cc 
yielded  values  to  within  2%  of  those 
predicted  by  Cook  (2) .  The  C-J  pressure 
and  particle  velocity  of  both  densities 
were  obtained  from  Cook  (7) ,  who  pre¬ 
sents  extensive  calculations  of  the 
detonation  state  of  PETN.  The  gage 
pressures  were  calculated  graphically 
by  utilizing  the  hydrodynamic  property 
that  pressure  and  particle  velocity  are 
continuous  across  an  interface  over 
which  a  shock  wave  or  detonation  wave 
has  passed.  The  curves  for  the  reflect¬ 
ed  shock  Hugoniot  and  i sent rope  of  the 
explosive  reaction  products  were  plotted 
from  the  equations  derived  by  Deal  (8) 7 
the  Hugoniot s  for  brass  and  aluminum 
were  obtained  from  Walsh  et  al  (9)  7  the 
Hugoniot  of  PMMA  was  obtained  from 
Reynolds  and  Seay  (10)  and  Liddiard  (11) 7 
the  Hugoniot  of  polyethylene  was  obtained 
from  Bert  et  al  (12) 7  finally  that  for 
polystyrene  was  obtained  from  Rinehart 

(13)  and  a  Sandia  Laboratories  drawing 

(14)  .  The  various  cross-curves  for  the 
inert  materials  were  drawn  with  the 
usual  assumption  that  the  cross-curve  is 
a  mirror  image  reflection  around  its 
Hugoniot . 


Figure  7  -  Rectified  calibration  data 
for  the  carbon  resistor  pressure  gage. 


For  the  polystyrene  gages,  the  calibra¬ 
tion  equation  in  the  low  pressure  region 
is: 


The  data  for  gage  pressure  as  a 
function  of  gage  minimum  resistance  fit 
two  equations  of  the  type 

y  =  a  +  b/x 

This  can  be  shown  by  rectifying  the  data, 
i.e.,  by  plotting  gage  pressure  versus 
reciprocal  resistance  from  the  data  in 
Tables  3  and  4.  This  has  been  done  in 
Figure  7,  and  two  slopes  are  evident  for 
the  polyethylene  gages.  Least  squares 
analyses  of  the  rectified  data  yield 
the  following  two  relationships  for  the 
low  resistance,  high  pressure  and  high 
resistance,  low  pressure  regions,  re¬ 
spectively,  for  polyethylene: 


5848 


-  90.8, 


R  .  <  47.2  ohms  (8) 

min 


p  =  _  11.0,  R  >  104.0  ohms 

R  min  = 


min 


(10) 


Calculation  of  Pressures  for  Low 

Density  Charges 

Table  5  presents  the  calculation  of 
gage  pressure,  the  pressure  in  the  PMMA 
attenuator  (Figure  1) ,  and  the  deto¬ 
nation  pressure  for  those  low  density 
systems  for  which  gage  records  were 
obtained.  The  gage  pressures  are  plotted 
as  a  function  of  explosive  density  in 
Figure  8.  For  the  foamed  PETN,  the 
least  squares  equation  of  the  gage 
pressure-density  relationship  is  given 
by 


p  =  "  4*°'  Rmin  ^  47,2  ohms  (9) 


min 


where 


P  is  the  gage  pressure  in 
kilobars 


R  .  is  in  ohms, 
min 


=  -3.0 


+  105.09  pQ  -  248.06  pQ" 


(ID 


and  for  the  expanded  nitrocellulose  the 
relationship  is: 


P  =  -10.3  +  145.95  pQ  -  286.10  pQ" 


(12) 
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TABLE  5 

Calculation  of  Detonation  Pressure  for  Low-Density  Explosive  Systems 


System 

Test 

No. 

Explosive 

Density, 

g/cc 

Foam 

Density, 

g/cc 

Min.  Gage 
Resistance, 
ohms 

Gage 

Pressure, a 
kbars 

PMMA 

Pressure, 

kbars 

Detonation 

Pressure, 

kbars 

Foamed  PETN 

72 

0.176 

0.136 

274 

7.6 

8.0 

4.8 

Foamed  PETN 

87 

.133 

.175 

282 

7.1 

7.5 

67 

.101 

.086 

331 

4.4 

4.9 

_ 

68 

.058 

0.087 

381 

2.4 

2.9 

- 

Expanded  NC 

106 

.252 

_ 

264 

8.3 

8.6 

4.8 

104 

.141 

- 

326 

4.6 

5.1 

2.8 

105 

.104 

- 

399 

1.8 

2.2 

1.2 

97/3  NC/NG 

130 

.191 

- 

94.5 

14.4 

18.2 

- 

87/13  NC/NG 

131 

.191 

- 

81.7 

17.3 

20.9 

- 

77/23  NC/NG 

132 

.191 

- 

87.8 

15.8 

19.5 

- 

60/40  NC/NG 

138 

0.225 

- 

74.0 

19.5 

23.4 

- 

aGage  pressure  was  calculated  from  Equations  9  or  10  in  text. 


where  P  is  in  kilobars  and  pQ  is  in  g/cc. 
The  detqnation  pressures  in  Table  5  were 
calculated  from  the  impedance  mismatch 
equation: 


cj 


Pqd  +  Pmu  p 

2  pMU  FM 


where 


(13) 


Pc-  is  the  detonation  or  Chapman- 
J  Jouguet  pressure, 

PM  is  the  pressure  induced  in  the 
PMMA  attenuator, 

U  is  the  shock  velocity  in  the 
PMMA  attenuator, 

D  is  the  detonation  velocity  of 
the  explosive, 

Po  is  the  initial  density  of  the 
charge,  here  assumed  to  be 
the  sum  of  explosive  and  foam 
densities, 

pM  is  the  initial  density  of  the 
PMMA  attenuator. 


No  difficulty  was  encountered  when 
Equation  13  was  applied  to  the  data  for 
the  foamed  PETN  at  0.176  g/cc  and  for 
the  expanded  nitrocellulose  charges. 
However,  when  this  equation  was  applied 


Figure  8  -  Gage  pressures  produced  by 
detonation  of  foamed  PETN  and  expanded 
nitrocellulose  charges.  (Gages  were 
fabricated  from  polystyrene.) 


to  the  foamed  PETN  at  0.133  g/cc  and 
lower,  solutions  were  obtained  that  have 
no  physical  reality?  the  predicted 
Chapman- Jouguet  conditions  by  this  method 
yielded  particle  velocities  that  were  in 
excess  of  the  measured  detonation  ve¬ 
locities.  In  the  case  of  the  NC/NG 
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TABLE  6 

ft 

Summary  of  Calculated  Chapman- Jouguet  Conditions 
for  Low  Density  Explosive  Systems3 


System 

Shot 

No. 

I nit.  Expl . 
Density, 
q/cc 

Foam 

Density, 

g/cc 

CJ 

Density, 

q/cc 

CJ 

Pressure, 

kbars 

Particle 

Velocity, 

mm/usec 

X 

Foamed  PETN 

72 

0.176 

0.136 

0.420 

4.8 

0.63 

2.89 

Expanded 

106 

.252 

_ 

.550 

4.8 

1.02 

.84 

104 

.141 

_ 

.223 

2.8 

.85 

1.72 

105 

0.104 

- 

0.141 

1.2 

0.54 

2.84 

aDetonation  velocities  are  quoted  in  Tables  1  and  2. 


mixtures,  the  particle  velocities  did 
not  exceed  the  detonation  velocities, 
but  were  much  too  high  to  be  believable. 


The  calculated  Chapman- Jouguet  (CJ) 
conditions  are  summarized  in  Table  6 
for  those  systems  that  had  realistic 
calculated  values.  The  polytropic 
exponent  y  was  calculated  from  the  re¬ 
lationship 


Y 


Pq  D 
Pcj 


-  1 


(14) 


where  ucj  is  the  Chapman- Jouguet  parti¬ 
cle  velocity.  The  general  conclusion 
that  can  be  made  is  that  the  carbon 
resistor  pressure  gage  and  the  impedance 
mismatch  equation  do  not  consistently 
provide  realistic  CJ  values  for  very 
low  density  explosive  systems.  In  the 
first  place,  the  calculations  require 
a  rather  large  extrapolation  from  the 
conditions  in  a  relatively  dense  medium 
(polyethylene)  to  those  in  the  very  low 
density  explosives.  Secondly,  for  the 
lighter  foamed  PETN  systems  the  presence 
of  the  foam  lowered  the  detonation  veloci¬ 
ty  but  caused  higher- than-expected  gage 
pressures;  hence  the  impedance  mismatch 
equation,  which  does  not  take  into  ac¬ 
count  effects  of  other  nonexplosive 
constituents  in  a  system,  cannot  and  did 
not  yield  realistic  answers  for  foamed 
PETN.  Thirdly,  we  are  unable  to  explain 
the  high  gage  pressures  recorded  for  the 
nitrocellulose/nitroglycerine  mixtures . 


A  survey  of  the  available  Hugoniot 
data  for  other  possible  condensed  phase 
witness  materials  that  might  be  used  in 
lieu  of  polyethylene  revealed  that  all 


these  have  values  of  shock  impedance  far 
in  excess  of  0.025  g/p.sec  cm2,  which  is 
the  approximate  impedance  of  the  low 
density  foamed  explosive.  The  goal,  of 
course,  is  to  utilize  witness  materials 
that  have  shock  impedances  of  the  same 
order  of  magnitude  as  those  of  the  ex¬ 
plosive  being  evaluated.  It  appears 
that  a  thorough  study  of  the  shock 
properties  of  polyurethane  foams  would 
provide  the  ultimate  solution  to  the 
problem  of  determining  the  detonation 
pressure  of  low  density  explosives.  By 
proper  selection  of  densities,  foamed 
systems  having  the  desired  values  of 
shock  impedance  could  be  developed  and 
utilized  as  witness  materials. 
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DEFORMATION  OF  A  CYLINDER  OF  EXPLOSIVE 
MATERIAL  IN  UNCONFINED  IMPACT* 


H.  S.  Napadensky,  T.  V.  Eichler,  C.  A.  Kot  and  T.  Zaker 
I IT  Research  Institute 
Chicago,  Illinois 

Large  deformations  characterize  the  mechanical  response  of 
solid  explosive  materials  prior  to  initiation  in  realistic  acci¬ 
dental  impact  situations  and  in  low-velocity  unconfined  impact 
experiments.  To  determine  the  mechanisms  responsible  for  the 
initiation  of  detonation  in  low-speed  impact,  a  two-dimensional 
Lagrangian  tensor  computer  code  has  been  developed.  The  code 
is  an  application  and  extension  of  a  computational  method  for¬ 
mulated  by  Wilkins  (1)  and  others.  The  code  is  applied  to 
calculations  of  the  mechanical  response  of  a  cylinder  of  TNT  in 
normal  end-on  impact  against  a  rigid  ground  surface.  At  an 
impact  velocity  of  690  fps,  the  axial  normal  stress  behind  the 
initial  shock  driven  into  the  material  is  10  kilobars.  This 
shock  stress  is  relieved  by  unloading  waves  originating  from 
the  stress-free  lateral  surface  of  the  cylinder.  The  dynamic 
response  of  the  cylinder  is  calculated  prior  to  the  initiation 
of  reaction.  Estimates  are  made  of  the  transient  temperature 
field  in  the  TNT  cylinder. 


INTRODUCTION 

Large  deformations  characterize  the 
mechanical  response  of  solid  explosives 
and  propellant  materials  prior  to  initi¬ 
ation  in  realistic  accidental  impact 
situations  and  in  low-velocity  uncon¬ 
fined  impact  experiments.  Unconfined 
impact  produces  complicated  flow  phen¬ 
omena  originating  from  the  stress-free 
lateral  periphery  of  the  explosive.  The 
stress  and  velocity  gradients  in  the 
material  may  be  responsible  for  mechan¬ 
ical  energy  conversion  by  dissipative 
mechanisms  to  thermal  energy,  causing 
local  temperature  increases  sufficient 
to  cause  initiation  of  a  deflagration 
or  detonation.  For  these  reasons  the 
mechanical  processes  of  unconfined 
impact  are  being  investigated  in  some 
detail.  To  determine  the  mechanisms 
responsible  for  ignition  in  low-speed 
impact  requires  an  understanding  of 
material  flow  and  energy  conversion 
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processes.  Except  for  certain  cases  of 
one-dimensional  wave  propagation,  un¬ 
steady  flows  with  finite  deformation 
cannot  be  attacked  analytically.  Numer¬ 
ical  methods  using  high-speed  computing 
equipment  are  essential  to  the  solution 
of  these  problems. 

We  have  developed  a  two-dimensional 
Lagrangian  code  in  Fortran  IV  for  numer¬ 
ical  analysis  of  cylinder  and  plane- 
strain  impact  problems  with  material 
strength  (rigidity)  effects.  The  code 
is  based  on  a  finite-difference  formu¬ 
lation  due  to  Wilkins  (1) .  We  drew  upon 
several  literature  sources  for,  or  worked 
out  originally,  the  details  of  the  com¬ 
putational  procedure  for  greatest  utility 
in  applications  of  impact  of  solids  with 
internal  heat  release.  An  understanding 
of  mechanisms  of  ignition  and  subsequent 
detonation  of  solid  explosive  materials 
is  essential  to  the  development  of 
methods  to  reduce  their  sensitivity 
during  manufacturing  and  handling,  with 
minimum  compromise  of  performance.  In 
addition,  the  extent  of  degradation  of 
the  explosive  may  be  evaluated  for  situ¬ 
ations  where  the  impact  stimulus  is 
insufficient  to  cause  an  explosive 
reaction. 
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FIELD  EQUATIONS 

The  motion  is  referred  to  cylindri¬ 
cal  coordinates  with  x  the  radial  coor¬ 
dinate,  y  the  angular  coordinate,  and  z 
the  axial  coordinate.  With  cylindrical 
symmetry  the  motion  is  confined  to  the  x 
and  z  directions  in  each  meridian  plane, 
and  is  independent  of  the  angular  coor¬ 
dinate  y.  The  formulation  is  such  that 
problems  of  plane  strain  can  also  be 
treated,  in  which  case  y  represents  a 
rectilinear  coordinate  in  the  direction 
perpendicular  to  the  plane  of  motion. 

The  nonzero  stress  components  are 
the  normal  stresses  a^,  ayy,  azz,  and 

the  shear  stress  axz-  The  corresponding 

normal  strain  rates  are  duz/dz,  where 
a  =  1  or  2  for  plane  or  cylindrical  sym¬ 
metry,  and  ux  and  uz  are  the  velocity 
components.  The  shear  strain  rate  in  the 
plane  of  motion  is 

(dux/dz  +  duz/dx)/2  . 

Mass  Conservation 

The  differential  equation  of  mass 
conservation  is 


Energy  Conservation 

The  energy  equation  is 

4  "  p  7  +  +  h 

where  the  pressure  p  is  defined  as  the 
negative  average  normal  stress,  e  is  the 
internal  energy,  e,  is  the  strain  energy 
of  distortion,  and  h  is  the  rate  of  local 
energy  addition  by  heat  release  within 
the  material.  The  rate  of  increase  of 
distortional  energy  is  given  by  the  rate 
of  work  of  the  deviatoric  (nonhydrostatic) 
stress  components  acting  in  the  current 
strain-rate  field. 

Equation  of  State 

A  wide  choice  of  constitutive  rela¬ 
tions  can  be  specified  for  the  material. 
The  stress  and  strain-rate  tensors  are 
split  into  isotropic  (hydrostatic)  and 
antisymmetric  (deviatoric)  parts.  The 
pressure,  defined  as  the  negative  average 
normal  stress,  is  assumed  to  be  a 
function  of  density  and  internal  energy 
of  the  form 

P  =  A  +  Be  (5) 


3ux 


u  du 

(“-1)  IT  +  IT 


=  0 


(1) 


where  A  and  B  are  functions  of  density 
only. 


where  p  is  the  current  value  of  the  den¬ 
sity,  and  the  dot  denotes  the  time  deriv¬ 
ative  following  the  motion.  Mass  con¬ 
servation  is  expressed  in  integrated 
form  by 

PJ  =  P°  (2) 

where  p°  is  the  initial  density  and  J  is 
the  limit  of  the  ratio  of  a  differential 
element  of  current  volume  to  that  occu¬ 
pied  by  the  same  mass  element  initially. 

Momentum 

The  differential  equations  of 
momentum  conservation  are 

da  da  a  -  a 

p4x  =  -51s  +  -£r  +  -  x  yy 

9a  9a  a  ^ 

p4z  =  “dr  +  “jF  +  <*-« 

These  express  the  accelerations  in  terms 
of  the  stress  components  and  their  der¬ 
ivatives  with  respect  to  the  current 
coordinates . 


The  deviatoric  stress  components 
may  be  related  to  the  corresponding 
strain  components  through  elastic-plastic 
relations  satisfying  appropriate  flow 
laws,  through  viscous  stress-strain  rate 
relations,  or  a  combination  of  these. 

This  type  of  behavior  introduces  irre¬ 
versibility  and  the  degradation  of 
mechanical  energy  to  heat. 

The  constitutive  relations  must  be 
independent  of  any  rigid-body  component 
of  motion.  Each  element  of  the  material 
engages  in  instantaneous  rigid  rotation 
at  the  rate  (du  /dx  -  du  /dz)/2,  and  it 
is  necessary  toaccount  for  this  effect 
in  calculating  the  deviatoric  stress 
components.  Thus  the  equations  of  motion 
(3)  relate  accelerations  to  derivatives 
of  stress  components  referred  to  fixed 
coordinates,  while  the  constitutive 
equations  relate  the  rotation-independent 
(objective)  deviatoric  stresses  to  defor¬ 
mation. 

CODE  DESCRIPTION 

The  numerical  method  is  based  on 
integration  of  difference  equivalents  of 
the  foregoing  equations  so  as  to  follow 
the  motion  of  a  mesh  of  finite  zones 
that  moves  with  the  material. 
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Mass  Zoning 

The  meridian  section  of  the  cylinder 
(or  the  plane  of  motion  in  the  case  of 
plane  strain)  is  subdivided  into  ini¬ 
tially  rectangular  zones,  each  of  which 
contains  a  fixed  mass  of  material  for 
all  times.  For  a  cylinder  the  zone  mass 
is  that  contained  in  the  volume  gener¬ 
ated  by  revolving  the  zone  about  the 
cylinder  axis  in  the  initial  state. 

At  some  time  during  the  motion  the 
initially  rectangular  mesh  is  deformed 
into  a  set  of  quadrilaterals  formed  by 
straight  lines  joining  the  nodes  whose 
motion  represents  that  of  material 
points . 

In  all  problems  of  this  type  the 
lateral  surface  of  the  cylinder  is  free 
of  stress.  The  upper  and  lower  faces 
may  be  stress-free,  or  may  be  constrained 
to  move  parallel  to  rigid  surfaces  of 
contact,  with  a  prescribed  degree  of 
velocity-related  slip.  Thus  cases  of 
dynamic  compression  between  rigid  plates 
with  friction  can  be  represented. 

Discrete  Variables 

The  current  values  of  the  accel¬ 
eration,  velocity,  and  displacement 
components  are  defined  at  the  nodes  of 
the  mesh,  while  state  properties  such 
as  the  stress,  density,  and  internal 
energy  are  associated  with  the  zones 
themselves.  The  node  indices  are  dis¬ 
crete  Lagrangian  variables,  since  they 
identify  mass  points  during  the  motion. 

The  acceleration,  displacement, 
and  all  intensive  properties  are  defined 
at  the  end  of  each  time  step,  while  the 
velocity  is  considered  to  be  defined  at 
the  center  of  the  time  step.  The  accel¬ 
eration,  computed  from  the  equations  of 
motion  at  the  beginning  of  each  time 
step,  is  used  to  obtain  the  velocity  at 
mid-step.  The  displacement  at  the  end 
of  the  step  is  obtained  by  integrating 
the  velocity  at  mid-step. 

Difference  Approximations 

To  compute  the  acceleration  from 
derivatives  of  the  stress  requires 
expressing  these  derivatives  in  finite- 
difference  form.  For  this  purpose  an 
integral  definition  of  partial  deriv¬ 
atives  is  used. 

The  gradient  of  any  function  F  in 
a  plane  can  be  defined  in  terms  of  the 
limit  of  a  line  integral  of  the  function 
around  a  closed  circuit  in  the  plane, 
divided  by  the  enclosed  area.  This 


line  integral  is  approximated  in  finite 
form  to  obtain  approximations  to  the 
partial  derivatives  dF/dx  and  dF/dz. 

To  obtain  the  derivatives  at  a  node, 
the  line  integrals  are  evaluated  on  a 
circuit  passing  through  the  four  adjacent 
quadrilaterals.  Edge  nodes  are  treated 
by  setting  up  fictitious  edge  zones  with 
properties  that  satisfy  the  actual 
boundary  conditions. 

Order  of  Computation 

The  initial  rectangular  mesh  is  set 
up  and  the  zone  masses  are  calculated. 
Initial  velocities  and  stresses  are 
prescribed.  In  an  impact  problem  such 
as  that  considered  here,  the  stress  is 
initially  zero  throughout,  u  =  x  =  0, 
and  u  =  z  =  -  V  except  at  rhe  lower 
edge  fiodes ,  where  z  =  0. 

Initial  node  accelerations  are 
computed  from  the  equations  of  motion 
(3) ,  and  the  velocities  and  displace¬ 
ments  are  obtained  by  integrating  over 
one  time  step. 

New  zone  volumes  are  calculated 
and  the  densities  are  obtained  from  the 
fixed  zone  masses.  This  is  equivalent 
to  application  of  mass  conservation 
according  to  Equation  (2)  in  finite- 
difference  form. 

The  internal  energy  and  the  stresses 
are  obtained  by  solving  the  energy 
equation  (4)  simultaneously  with  the 
equation  of  state.  Time  is  then  ad¬ 
vanced,  and  the  process  is  repeated 
starting  with  the  calculation  of  new 
accelerations  from  the  equations  of 
motion. 

Stability 

An  artificial  viscous  stress  is 
added  to  the  pressure  in  regions  of 
compression  (p/p  >  0) .  This  artificial 
viscosity  consists  of  two  terms,  one 
proportional  to  the  relative  compres¬ 
sion  rate  p/p  and  to  the  local  sound 
speed,  and  the  other  proportional  to 
the  square  of  the  relative  compression 
rate.  These  have  the  effect  of 
spreading  shock  transitions  over  two  or 
three  zone  widths  to  preserve  the  con¬ 
tinuous  formulation  of  the  problem,  and 
suppressing  extraneous  oscillations  that 
may  develop  in  the  solution. 

The  integration  time  step  is  chosen 
on  the  basis  of  the  Courant  stability 
criterion  that  the  time  interval  be  no 
larger  than  that  required  for  a  signal 
to  traverse  the  smallest  current  mesh 
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dimension.  When  the  artificial  vis¬ 
cosity  is  operative,  the  criterion  is 
made  somewhat  more  stringent  by  using  a 
higher  effective  signal  speed. 

Application 

The  code  is  applied  to  calculation 
of  the  mechanical  response  of  a  laterally 
unconfined  cylinder  of  pressed  TNT  during 
end-on  impact  against  a  rigid  lubricated 
surface.  This  problem  stimulates  one 
type  of  sensitivity  test  for  high  explo¬ 
sives.  The  TNT  billet  is  initially  5  cm 
in  radius  and  5  cm  thick.  The  radius 
and  thickness  dimensions  are  resolved 
with  30  zones  in  an  initially  rectang¬ 
ular  mesh.  The  initial  velocity  was 
21  cm/msec,  and  calculations  were  carried 
out  for  240  time  steps,  representing 
23  microseconds  of  problem  time.  During 


this  time  the  impact  shock  amplitude 
of  10.2  kilobars  is  relieved  by  rare¬ 
faction  waves  originating  from  the  free 
surface  and  from  the  lateral  periphery 
of  the  cylinder. 

Fig.  1  shows  an  undeformed  grid 
whose  nodal  points  are  followed  through¬ 
out  the  selected  computations  shown  in 
Figs.  2,  3,  4  and  5.  An  additional 
horizontal  line  is  shown  in  Figs.  2,  3 
and  4  which  represents  the  location  of 
the  shock  front.  In  Fig.  2,  7.83  [isec 
after  impact  the  shock  front  has  pro¬ 
gressed  through  one-third  of  the  length 
of  the  billet.  In  Figs.  3  and  4,  the 
shock  front  has  not  yet  reached  the 
rear  surface  of  the  billet  after 
17.4  nsec.  In  Fig.  5  the  one-dimensional 
region  has  vanished  and  the  peak  pres¬ 
sure  is  9.6  kilobars. 


Fig.  1  Initial  Geometry  of  TNT  Billet  Showing 
Undeformed  Grid 
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Equation  of  State  for  TNT 

The  equation  used  was  that  given  by 
Enig  and  Metcalf  (see  reference  2) .  The 
form  of  the  equation  for  solid  TOT  is 

e  =  e0  +  C(P+B)/P  -  (p0+B)/P0]/(y-l) 

(6) 

Here  p,  p,  e  are  pressure,  density  and 
specific  internal  energy  respectively. 
The  subscript  o  refers  to  ambient  con¬ 
ditions,  y  is  a  constant  for  the  ma¬ 
terial  . 


Here  T  is  the  absolute  temperature,  c 
is  the  specific  heat  at  constant  volume 
and 

A  =  (^-)Y£po  +  ®/Y  -  (y~1)c  T  p  ]  (9) 

O 


The  value  of  the  ambient  energy  of  the 
solid  TOT  is  obtained  from  the  detonation 
energy  Q  and  the  ambient  state  of  the 
product  gases,  i.e., 


Q  +  c 


T 

>g  o 


(10) 


Here  cv  is  the  specific  heat  at  con¬ 
stant  volume  for  the  gas. 


where  c  is  the  ambient  and  velocity. 


e  +  c  T 
o  v 


+  CA(i> 


1-Y 


lg  energy,  density 
>f  the  form 

po 

■  1.58  gm/cc 

co 

=  227  cm/msec 

Cv 

=  0.5  cal/gm 

V 

(solid) 

c__  ~ 

=  0.32  cal/gm 

(8) 

v>g 

(gas) 

The  constants  reported  by  Enig  are: 

PQ  "  1  bar 
B  =  81.4  Kbar 
T  =  300°K 


«  6.68 

=  984  cal/gm 
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Fig.  2  TOT  Cylinder  Impacting  Rigid  Target 
at -21  cm/msec 

Computation  cycle  60 

Time  =  7.83  usee  after  impact,  time  step  =  0.121usec 
Pair  of  numbers  at  nodes  represent  pressure  in  kilobars 
and  temperature  in  degrees  centigrade 
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For  computational  purposes  the  equa¬ 
tion  of  state  was  rearranged  to  give  the 
form  of  equation  (5) 

P  =  Ac  +  ALe 

where  A  and  Ai  are  functions  of  density, 
namely  0  1 

Ao  =  A00  +  t11) 

A^  =  A^q  +  A^^(Tl-l)  (12) 

The  variable  T|  =  p/p  ,  and  the  A..  »  are 
constants.  J 

For  solid  TNT  these  are 
Aqq  =  -  405.72  Kbars 
AQ1  *  -  324.32  Kbars 


A10  -  8  .9744  gm/cc 
An  =  8.9744  gm/cc 

The  temperature  equation  was  written  to 
give 

T  -  Bj.e  +  B2-n(Y-1)  +  B3  i  +  B4  (13) 

The  values  of  the  constants  are 
Bl  =  *-77783  x  10-* 

B2  =  2.35118  x  102  °K 
B3  =-3.68846  x  102  °K 
B4  =-1.72663  x  103  °K 
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Fig.  3  TNT  Cylinder  Impacting  Rigid  Target 
at-21  cm/msec 

Computation  cycle  140, 

Time  =  15.7  usee  after  impact,  time  step  ■  0.085usec 
Pair  of  numbers  at  nodes  represent  pressure  in  kilobars 
and  temperature  in  degrees  centigrade 
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Radius  (cm) 


Fig.  4  TNT  Cylinder  Impacting  Rigid  Target 
at-21  cm/msec 

Computation  cycle  160, 

Time  ■  17.4  lisec  after  impact,  time  step  =0.079usec 
Pair  of  numbers  at  nodes  represent  pressure  in  kilobars 
and  temperature  in  degrees  centigrade 
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Radius  (cm) 

Fig.  5  TNT  Cylinder  Impacting  Rigid  Target 
at-21  cm/msec 


Computation  cycle  180, 

Time  =  18.9  usee  after  impact,  time  step  =  0.075usec 
Pair  of  numbers  at  nodes  represent  pressure  in  kilobars 
and  temperature  in  degrees  centigrade 
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